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ABSTRACT  
Halogen-based flame retardant back-coatings are commonly used for flame retarding 
UK furnishing fabrics. Their use, however, has become the focus of environmental 
attention because of claimed ecotoxicological properties of brominated flame 
retardants (BrFRs). In the specific case of textiles for domestic furnishing fabrics, BrFRs 
have significant usage and enable most fabrics to pass the flammability testing 
requirements with both cigarette and simulated match sources since 1988 in the UK. 
Such treatments achieve a pass after the mandatory 30 min, 40 °C water-soak durability 
test. Recent innovative developments such as those based on sol gel chemistry have 
focused on the enhancement of the char-forming efficiency to create heat barrier 
systems incorporated within silica networks. These are able to create a physical barrier 
on the textile surface, thus protecting the underlying textile structure. While several 
recent papers have demonstrated that it is possible to improve the flame retardancy of 
fabrics by sol-gel treatments by using silica precursor and flame retardants, none of 
these has been tested as a barrier fabric over flammable polyurethane foam and very 
few have acceptable levels of durability. 
The main aim of this PhD is to develop environmentally sustainable flame retardant 
textile coatings by using novel organic – inorganic hybrid formulations (e., sol-gel) and 
processing techniques. To achieve this, initially three different flame retardants, based 
on Sb-Br formulations and acrylic binding resin, for back-coating on 100% cotton and 
100% polyester fabrics were studied to enable the creation of a “benchmarking” set of 
flammability results against which future novel treatments could be compared. The fire 
performance of these back-coated fabrics was evaluated by using a simulated match 
test (SMT) to replicate the BS 5852: 1979: Source 1 standard for furnishing fabrics, 
limiting oxygen index (LOI), thermogravimetric analysis (TGA) and cone calorimetry, 
while the physical characteristics of the fabrics were studied by stiffness testing and 
colour difference measurement (using Grey Scales).  
In order to develop a novel semi-durable flame retardant for 100% cotton fabric, a 
modified sol-gel treatment technique has been studied. It was first established that the 
best way to apply the selected sol-gel method to 100% cotton fabric was to 
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simultaneously add a salt-based flame retardant combination of diammonium 
phosphate and urea to the silica precursor, tetraethylorthosilicate, by using a 
conventional pad-dry technique, commonly used for textiles. Subsequently, 
polydimethylsiloxane (PDMS), which belongs to a group of polymeric organosilicon 
compounds, was introduced and added to the sol-gel formulation to improve the 
hydrophobicity of the overall treatment. Drying at 110 °C for 10 min and curing at 150 
°C for 5 min gave the most water-soak-durable sample. This sample passed the SMT 
after water-soaking, which was the aim of this project.  
The fire performance of these sol-gel cotton fabrics was evaluated by using a horizontal 
burning test, the simulated match test (SMT), limiting oxygen index (LOI), 
thermogravimetric analysis (TGA) and cone calorimetry, while the physical 
characteristics of the fabrics was studied by stiffness testing, tensile, flexural testing and 
colour difference measurement. The surface morphology of the samples was studied by 
using scanning electron microscopy (SEM), Fourier transform infrared (FTIR) 
spectroscopy and the phosphorus content of samples before and after water-soak 
testing was analysed by using inductively coupled plasma spectrometry (ICP), acid 
digestion and ICP analysis of phosphorus and X-ray photoelectron spectroscopy (XPS).  
Using these techniques, the flame retardant mechanisms of the successfully developed 
sol gel, flame retardant treatments were evaluated and compared with those by which 
the conventional bromine-containing back-coatings function.       
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CHAPTER 1:  INTRODUCTION 
 
1.1. Flame retardant back-coatings: current bromine-containing formulations 
Flame retardants for textiles have been developed over many years to decrease the risk 
of fire by inhibiting ignition of the material or promoting low flame spread rate. The 
flame retardant chemicals, which contain halogens (typically chlorine or bromine), 
phosphorus, nitrogen, boron, sulphur and/or metals in different combinations, are often 
applied with a binding resin to textile substrates by surface-treatment processes such as 
coatings and back-coatings. Halogen-based, flame retardant back-coatings are 
commonly used for furnishing fabrics because they confer high levels of flame 
retardancy without affecting the aesthetics of the front of the fabric – an especially 
important feature of such fabrics [1]. Currently, one of the most commonly-used 
synergistic formulations comprises a combination of organobromine flame retardant 
(BrFR) compounds with the synergist antimony (III) oxide (ATO) and their effectiveness 
on fabrics comprising any of the commonly available fibres and blends are due to the 
advantage of volatility of halogenated and antimony (III) oxide species generated which 
then interfere with the flame chemistry [1, 2]. The extensive use of this system, 
however, has become the focus of environmental attention because of claimed 
ecotoxicological properties of brominated and antimony (III) oxide chemicals [3, 4, 5]. 
For UK domestic furnishing fabrics, regulations require outer fabrics to possess 
resistance to cigarette and simulated match ignition sources [6, 7] and it is estimated 
that the majority of these are flame retarded with BrFR/ATO formulations applied as 
back-coatings. It is as a consequence of these concerns that new flame retardant 
systems need to be developed to address these environmental concerns as well as 
meeting the constantly changing demand of new regulations, standards and test 
methods, that the aim and objectives of this research programme have been devised 
[8]. 
Of the two major brominated flame retardants used, hexabromocyclododecane (HBCD) 
and decabromodiphenyl ether (DecaBDE), the former was withdrawn in 2015 and the 
latter was banned from mainland EU countries in May 2018. However, much of current 
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research into novel treatments has failed so far to estimate the magnitude of the 
challenge. This work addresses this in terms of firstly estimating the difficulty in 
achieving passes to the current UK domestic furnishing flammability requirements using 
conventional bromine/antimony-based treatments and then developing non-halogen 
alternatives that can address this. 
In fulfilling the first part of this aim, three different flame retardants from ICL Ltd. for 
back-coating on 100% cotton and polyester have been studied and compared and so 
have provided a benchmark against which non-halogen alternatives may be measured. 
 
1.2. Flame retardant sol-gel treated cotton fabrics and research aim 
During the last two decades, several novel techniques have been studied as alternative 
techniques to deliver non-halogen-containing flame retardants to cellulosic substrates, 
including layer-by layer assembly, sol-gel treatment, chemical modification, graft 
polymerization by ionized radiation, and plasma treatment [9 - 14]. Sol-gel treatments 
have been the most extensively explored of these novel methods [15 - 23]. The sol-gel 
formation process requires hydrolysis and polycondensation reaction, gelation, ageing 
and drying of the wet gel, precursor and chemical species. Usually, this can bring about 
the formation of a hybrid organic-inorganic coating of the precursors, generally silicon 
alkoxides, on the cotton fabrics [24, 25]. Alongi et al have investigated the effect of 
different process parameters (including silica precursor type, silica precursor:water 
molar ratio and thermal treatment conditions, in the presence of different phosphorus-
containing flame retardants) on the flame retardant performance of these treatments 
on cotton fabrics [24, 27].   
Whilst all of these sol gel-based techniques provide flame retardancy to some degree, 
they often come with limitations, particularly poor washing durability and damaging 
effects on mechanical properties of treated fabrics [28 – 31]. In addition, the ability of 
the treated fabrics to act as a flame barrier over materials used in domestic furniture 
fillings (such as polyurethane (PU) foam) are seldom if ever reported in current research 
papers. This is surprising, given a vital requirement of fabrics adhering to UK regulatory 
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requirements which must be exposed to the mandatory 30 min water-soak test at 40 °C 
prior to flammability testing [6, 7]. Moreover, of the many reported results in the 
literature, very few studies consider the water-soak or wash durabilities of fabrics 
finished with these novel treatments [24]. This work, therefore, aims to develop 
acceptable levels of flame retardancy and water-soak durability of cotton fabrics 
subjected to novel, non-halogen-based treatments based on phosphorus- and nitrogen-
containing species incorporated into a sol-gel-derived, silicon-based, surface coating 
which will achieve a “pass” rating to the UK test standards for domestic furnishing 
fabrics.  
 
1.3. Research objectives 
To achieve this aim, a number of objectives identified are as: 
1. To provide a benchmark set of flammability results for current back-coating 
formulations against which future innovative bromine-free replacement treatments 
may be more fully measured. 
2. To investigate the possibility of the replacement of antimony (III) oxide as the 
halogen synergist in back-coating formulations containing polymeric halogenated 
flame retardants by environmentally benign zinc and other stannates applied to 
selected fabrics including 100% cotton, and 100% polyester;  
3. To investigate the feasibility of using novel surface treatments based on sol gel and 
plasma technologies as suitable environmentally sustainable, flame retardant 
alternatives to the conventional antimony/bromine-based systems; 
4. To investigate the mechanisms of the most efficient systems developed in 
objectives 1. And 3 when applied to different textile substrates (cotton, and 
polyester). 
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CHAPTER 2:  LITERATURE REVIEW 
 
2.1 Introduction  
Untreated textiles contribute considerably to the causes of fire ignition and its spread. 
Fatal accidents caused by the burning of fabric have currently focused both the industrial 
and academic researchers to investigate the flame retardancy of fibres and fabrics [1, 
2]. Depending on the nature of fabric, the combustion behaviour of fabrics can be very 
complex [3, 4]. Flame retardant cotton fabric and its blends represent one of the most 
commonly used textile materials in different application fields requiring some degree of 
flame retardancy, such as general consumer textiles as well as the more specialised 
requirements of the automotive industry, domestic upholstery, military, aerospace and 
protective garments [5 – 9]. Based on the current statistics, domestic accidents are one 
of the most likely reasons of fatalities. The most common source of ignition recorded 
came from cigarettes, small flames such as candles, and cooking hazards in combination 
with the presence of upholstered furniture and textiles [10, 11]. 
Flame retardants are usually compounds which contain the elements: halogens 
(typically chlorine or bromine), phosphorus, nitrogen, boron, sulphur, and/or certain 
metals in different combinations. These compounds may be applied with a binding resin 
to textile substrates, for example, by surface-treatment processes such as coatings and 
back-coatings, as well as by conventional textile finishing, pad-dry-cure treatments [12]. 
Often more than one flame retardant agent is required and when present may provide 
an additive, synergistic or antagonistic effect, which is often difficult to predict [13]. 
Some compounds such as antimony (III) oxide and zinc stannates, while not being flame 
retardants in their own right, when present with other flame retardants, promote a 
higher level of flame retardancy and so act as synergists [14, 15]. Flame retardant 
formulations act by changing the combustion characteristics of the polymer thereby 
causing the polymer to resist ignition, burn slowly and/or self-extinguish after ignition 
[3]. 
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In the specific case of textiles for UK domestic furnishing fabrics, flammability testing 
has been developed to assess resistance of the outer fabric to both cigarette and 
simulated ignition sources when tested over the filling used in the furniture in the UK 
since 1988 as defined in BS 5852:1979. For example, the simulated BS 5852:1979: Source 
1 or “match test’’ was developed to test fabric flammability in contact with unmodified 
flexible polyurethane foam is required by current UK regulations [5, 16]. For a 
considerable proportion of UK furnishing fabrics, the use of back-coatings containing 
halogen/antimony oxide formulations, dominate the market. 
However, since the implementation of these regulations in 1988, there have been 
increasing concerns about the toxicity of halogen-based flame retardants and the 
related synergist antimony (III) oxide. A European Economic Community directive in 
1991 proposed a ban on the use of brominated diphenyl-based flame retardants within 
5 years because of highly toxic and potentially carcinogenic brominated furans and 
dioxins that were claimed to form during combustion [3, 17]. As a consequence of these 
concerns, flame retardant systems needed to be developed to meet the constantly 
changing demands of new regulations, standards and test methods. 
In this chapter, the composition of textiles fabrics, flame retardants for textiles and 
properties of constituent components are discussed. Various methods of flame 
retarding application, including current traditional methods and novel techniques are 
also reviewed. 
 
2.2 Structure and properties of cotton  
Cotton fabrics are one of the most common textiles because of their superior 
characteristics such as good absorbency, good strength, comfortable/soft to the touch, 
dry cleanability, machine washable, drapability, moisture absorbing and transfer 
properties, biodegradability and low cost. Thus cotton is appropriate to use in a wide 
range of industries such as for sports, medical, and healthcare/hygiene products and 
comprises about 50% of the textile markets of the world [3, 18]. 
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Cotton fibres comprise nearly 90% of cellulose, which is the most abundant organic 
biopolymer [19, 20]. The cellulose parts of cotton fibres are located principally in the 
secondary cell wall and non-cellulosic parts are sited on the outer layers or primary wall 
as well as inside the lumens of the fibres. Cellulose is an organic compound with the 
formula of H-(C6H10O5)n-OH (see Figure 2.1) and has a relatively rigid polysaccharide 
structure consisting a long cellulose chain of β-1, 4-linked glucosidic bonds that repeats 
thousands of times to give a typical average degree of polymerisation of about 10,000 
with respect to the anhydroglucopyranose links [21]. The very long chain of cellulose 
and limited rotational freedom of β-1, 4-C-O-C bonds leads the cotton fibre to have an 
extremely oriented and crystalline structure. The non-cellulosic components comprise 
other substances such as inorganic salts (0.7 – 1.6%), proteins (1.0 – 1.9%) and pectins 
(0.4 – 1.2%) [20].  
 
 
Figure 2.1: Chemical structure of cellulose. 
 
The hydrogen-bonding property of the hydroxyl groups present are responsible for the 
hydrophilicity and chemical reactivity. These same groups are responsible for the 
defining the thermal degradative reactions when cotton is heated above 250 °C or so 
[22]. However, within the polycrystalline, secondary wall fibre structure, cellulose 
repeat segments are less ordered at the surfaces of the crystalline regions and so are 
more susceptible to the effects of heat and it is there that reactions start [20]. According 
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to Shafizadeh and Bradbury [22], heating causes dehydration and decomposition of 
cellulose (see Figure 2.2). Figure 2.2 determines the early degradation stage of cellulose 
which, when heated at around 120 °C drives off moisture without affecting strength. At 
temperatures between 200 – 280 °C, cellulose undergoes dehydration and 
depolymerisation reactions and starts to reduce its molecular weight and tensile 
strength [20, 23]. Between 280 °C and 340 °C, it decomposes to form a volatile product, 
mainly 1, 6-anhydro-b-D-glucopyranose, commonly known as levoglucosan and a little 
charred residue [22 – 24]. At higher temperatures, i.e. 450 °C, only char remains. The 
total pyrolysis products include about 20% gaseous phase (CO, CO2, and CH4), 65% liquid 
phase (of which 80% is levoglucosan) and 15% the char [20, 23].  
 
 
Figure 2.2: Pyrolysis of cellulose [22]. 
 
2.3 Structure and properties of polyester  
Polyethylene terephthalate (PET), as the principal linear fibre-forming polyester, is a 
polymer which contain the ester functional group in the main chain with the repeating 
group formula of (C10H8O4)n. Polyesters generally can have a thermoplastic or thermoset 
characteristics depending on the chemical structure, although fibre-forming varieties 
and principally PET are the former [3, 25].  
The use of polyester materials in a wide range of applications is increasing due to its 
characteristics and price. Polyester fibres are extremely strong, very durable and 
resistant to most chemicals, wrinkle resistant, stretching and shrinking, mildew and 
abrasion resistant. Given the versatility and durability of woven or knitted fabrics from 
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polyester thread or yarn, this naturally makes this fabric an effective choice for many 
textile applications such as clothing, home furnishing, bedding and furniture [25].  
The thermal degradation behaviour of polyester has been extensively studied [3]. During 
thermal degradation of polyester, a major acetaldehyde product is formed at 
temperatures higher than 290 °C along with minor amounts of other products such as 
CO, CO2 and ethane. However, there is no significant char-forming reaction to the 
degradative mechanism [3].  
 
2.4 Textile flame retardants 
Textile materials play an important role in day to day life in domestic, public, industrial 
and transport sectors. The hazards of flammable textiles materials and their ease of 
ignition have been increasingly recognised during last few decades. This has generated 
interest in the need for flame retardancy products for textiles that either reduce the risk 
of fire by hindering the material igniting or reducing the rate of flame spread [3].  
To achieve flame retardancy for textile fibres and fabrics, elements such as phosphorus 
(P), nitrogen (N), halogen (H), sulphur (S), and silicon (Si) are needed.  There are different 
methods to introduce these elements or compounds containing them into textile fibres 
or fabrics. Suitable compounds, usually monomeric in character can be directly grafted 
into the synthetic polymer backbone during copolymerisation (such as Trevira® CS, 
Trevira GmbH) prior to its fabrication into a product or they can be added on the textile 
fibre or fabric surface prior to some form of fixation if durability to washing is required 
[26]. Thus, synthetic or natural fibre surface, flame retardant treatments can be applied 
by finishing methods or coating techniques. Finishing techniques requires the 
impregnation of the fabric in a flame retardant suspension or solution or by applying the 
flame retardant during dyeing at the same time as the dye exhaustion (such as Cetaflam 
DB 9 (Avocet Chemicals) for polyester fabric). Coating involves the application of the 
flame retardant on the outer surface and reverse side of the fabric or coating the yarns 
or filaments themselves with the flame retardant present in a binding resin [26, 27].  
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Most durable flame retardants react chemically with the substrate and perform in the 
so-called condense phase (see Section 2.5.2). Here, the flame retardant on cellulose 
material decomposes the cellulose to form more carbonaceous char and less volatile 
combustible products are formed when heated [26].  
For polyester materials, flame retardants ideally should reduce the amount of 
flammable acetaldehyde formed or interact with the flame chemistry and so prevent its 
burning – so-called vapour or gas phase activity (see Section 2.5.2). Although, bromine- 
and phosphorus- containing flame retardants increase the flame retardancy of 
polyester, usually by functioning in the vapour phase, no flame retardant has 
significantly increased the char forming of polyester [3].  
 
2.5 Flame retardant mechanisms 
2.5.1  Physical mechanisms 
Some flame retardant additives, usually added to bulk polymers, can cool the substrate 
temperature by an endothermic process and reduce the temperature to below the 
required temperature for combustion. For instance, flame retardants such as aluminium 
hydroxide and magnesium hydroxide, on heating, absorb large quantities of heat by 
releasing water endothermically and dilutes the otherwise reactive, flame generating 
radical/ oxygen species. Consequently, it removes heat from the flame and therefore 
weakening the active substances present [3, 28].  
Formation of a protective layer (or coating) is another physical action flame retardancy 
mechanism. These flame retardants can produce a physical barrier between the 
underlying substance and heat source and should have low thermal conductivity. This 
barrier prevents the heat and oxygen transfer from ignition source to the material 
surface, hence reducing the degradation rate of substance and flame propagation is 
stopped [3, 28].  
Dilution of gases is another flame retardancy mechanism. The integration of inert 
materials such as fillers and additives, which create inert gases on decomposition, 
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dilutes the flammable gases by blanketing the substrate and restricting oxygen access 
[28]. 
 
2.5.2 Chemical mechanism 
Gas or vapour phase and condensed phase reactions are the most well-known chemical 
mechanisms of flame retardants which act by delaying the combustion process. In the 
gas phase mechanism, the flame retardant materials can produce free radicals during 
the combustion process. These free radicals, more often bromine or chlorine radicals 
released from halogen-containing flame retardants,  react with the highly reactive 
radicals generated during the thermal degradation of the polymer and form the stable 
non-reactive compounds and stop any exothermic processes. This leads to the cooling 
down of the system and reduces the flammable gases resources [3, 28]. 
In the condensed phase mechanism, flame retardants help the char formation of 
polymers by transforming the polymer to carbonaceous char. Cellulose is a typical 
example of a material, when a flame retardant is applied to it, acts in the condense 
phase. They act usually by a dehydration action on the polymer which leads to cross-
linking processes which transform the polymer chains to a three-dimensional network 
and finally carbonaceous char formation. The char, acting as a barrier layer between 
substrate and flame, slow down the heat propagation to underlying fabric or polymer 
layers [28].  
 
2.6 Types of flame retardants (additive and reactive) 
Additive flame retardants are generally used in thermoplastic materials. They are 
incorporated in the polymer before, during or mostly after the polymerisation process. 
They act as plasticisers or as fillers if they are compatible with the plastic. Additive flame 
retardants are often monomolecular compounds which are incorporated into the 
polymer in a simple mixing process and there is no chemical reaction between the 
polymer and flame retardant when this happens [29, 30]. Therefore, these additive 
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flame retardants are sometimes volatile and can be released from the polymer and 
gradually discharged into the environment [30].  
The reactive flame retardants are low emission materials and are added during the 
polymerisation process and develop as a fundamental part of the polymer. The modified 
polymer with flame retardant is often quite a different polymer with different molecular 
weight and structure if compared with the virgin polymeric material. Therefore, reacted 
flame retardants do not bleed out of the polymer and become volatile, instead keeping 
the flame retardant properties over time. In addition, this type of flame retardant is 
usually used in thermosets such as epoxy resins, polyesters and polyurethanes, and 
natural polymer (like cellulose), in which they can be easily incorporated [31]. 
 
2.7 Typical flame retardants for cotton and polyester fabrics 
There are different types of flame retardant compounds for cotton and polyester fabrics 
which generally contain halogens, phosphorus, and nitrogen in different combinations. 
Here, initially  halogen-containing flame retardants and antimony halogen synergism will 
be discussed, followed by  the phosphorus- and nitrogen-containing flame retardants as 
traditional textile formulations, and then zinc stannate and zinc hydroxystannate as 
more recent synergists will be considered. 
 
2.7.1 Halogen-containing flame retardants 
The most extensively used flame retardant group comprises the halogen-containing 
compounds. Figure 2.3 shows the halogen flame retardant mechanism. Halogenated 
flame retardants act in the gas phase by inhibiting the radical chain reaction mechanism.  
Combustion of the polymers occurs by exothermic reaction through free radical 
formation in the flaming zone (Eq. (1 & 2) from Figure 2.3). This requires sustained 
combustion energy (Eq. (3) from Figure 2.3). The halogenated flame retardant breaks 
down to free halogen radicals (Eq. (4) from Figure 2.3), which reacts to produce halogen 
halide, HX, (Eq. (5) from Figure 2.3) (X = Cl or Br). The halogen halide thereby interferes 
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with high energy H• and •OH radicals from the chain mechanism and are replaced with 
lower-energy X• radicals (Eq. (6 & 7) from Figure 2.3). Consequently, HX eventually acts 
as a catalyst [32]. 
In addition, hydrogen halides formed from halogenated flame retardants being non-
combustible gases, help to dilute the flammable gases and interfere with the 
combustion process. According to Hindersinn and Wagner [34], the halogen-containing 
flame retardants can also act as oxidation catalysts which ultimately form carbonaceous 
products through cyclisation and condensation. This subsequently provides protection 
to the condensate or liquid phase below the flame zone against oxygen and radiant heat.  
 
                               
 
 
 
  
 
 
Figure 2.3: Halogen flame retardant mechanism [33]. 
 
The flame retardant properties of different halogens vary. Iodine is the most effective 
followed by bromine then chlorine and, fluorine is the least effective in the list. However, 
iodine- and fluorine-containing flame retardants are not suitable due to the lack of 
interference they provide against the pyrolysis process of the polymer at a favourable 
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point, iodine compounds are also too unstable to withstand normal processing and 
fluorine compounds are too stable and do not easily break down to free radicals [3, 32]. 
Brominated flame retardants thermally degrade at typical polymer thermal degradative 
temperatures (>200-250 °C) and interfere at the right point in the pyrolysis process of 
the polymer because of their weaker bonding to carbon relative to C-Cl bonds. When 
compared with HBr, HCl is a less effective flame retardant, which develops over a 
broader temperature spectrum and is present at lower concentrations [3, 34]. 
 
2.7.2 Antimony-halogen synergism 
Antimony (III) oxide (Sb2O3 or Sb4O6) is the most important of the antimony chemicals 
which act as synergists with halogenated flame retardant compounds and it has no 
flame retardant effect on it is own. There have been several research articles discussing 
the synergistic action between antimony oxide and halogen compounds [35 - 37]. The 
flame retardant with halogen and antimony-containing compounds act in the gas phase 
by radical chain termination as shown in Figure 2.3. These flame retardants are 
commonly used in association with a binding resin for surface-treatment processes such 
as coatings and back-coatings, and due to the advantage of their vapour phase 
behaviour, they function effectively on most fibre types and textile structures [35, 38]. 
For chlorine-containing flame retardants in the presence of antimony (III) oxide, at 
temperatures around 250 °C, antimony oxychloride is produced by reaction of antimony 
(III) oxide and hydrogen chloride which then decomposes in a series of reactions (see 
Figure 2.4) to finally produce antimony trichloride at a higher temperature of around 
560 °C [36].  As either SbOCl or SbCl3 is created, each slows down the release of halogen 
from the flame which subsequently improves its properties as a radical inhibitor. It is 
suggested that SbCl3 produces heavy vapours that provide a protective layer over the 
polymer matrix, which prevents oxygen attack and therefore extinguishes the flame. It 
is proposed that during the gas phase, the liquid and solid SbCl3 particles reduce the 
energy content and may also act in condensed phase leading to some char formation. It 
can therefore be concluded that not only can antimony-halogen compounds perform in 
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the vapour phase but also (for some char-forming polymers) in the condensation phase 
too [36] as previously suggested [34].  
The molar ratio of halogen and antimony (X:Sb) in the flame retardant formulation can 
affect the synergist action in flame retardancy. In the earlier research, the optimum 
chlorine and antimony molar ratio was observed at ratio of 1:1 [35, 37]. However, it has 
been suggested that the lowest extent of burn for cellulose fabric was gained with a 
Cl:Sb molar ratio of 3:1 [35], suggesting that SbCl3 is the most effective Sb-Cl 
intermediate.  
 
 
Figure 2.4: Series of reactions for antimony (III) oxide and hydrogen chloride during 
combustion process [37]. 
 
2.7.3 Phosphorus- and nitrogen-containing flame retardants 
Phosphorus- and nitrogen-containing flame retardants function mainly in the 
condensation phase. Nitrogen compounds have a synergistic effect in the presence of 
phosphorus and are not effective as flame retardants on their own. The phosphorus- 
and nitrogen-containing flame retardants are mostly effective in materials such as 
polyester and especially cellulose, which contain a higher oxygen content [39].  
P- and N-containing flame retardants are mostly used for cellulose fibres or fabrics, with 
the phosphorus-based component acting by firstly reducing the creation of 
laevoglucosan by stopping intramolecular cross-linking by phosphorylating cellulose at 
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the hydroxyl (C-6) groups. In addition, char formation and dehydration is produced by 
the catalytic effect of the phosphoric acid that is generated [24]. That said, phosphorus-
only compounds have not been reported to demonstrate greater efficacy than those 
containing a combination of both phosphorus and nitrogen, thus demonstrating the 
importance of the latter element. 
Nitrogen compounds, such as urea, cyanamide, and guanidine support the 
phosphorylation of cellulose by the generated phosphoric acid. Furthermore, urea 
encourages polycondensation of the flame retardant ammonium phosphate into 
polyphosphates, which are much better than orthophosphoric acid at promoting 
phosphorylation. For this reason, it is believed that the phosphorylation of cellulose is 
related to the action of phosphorus-nitrogen synergism. In the presence of a so-called 
gas-forming agent such as melamine or excess urea, inflated or intumescent chars are 
produced as a result of the synergy between the nitrogen compounds and phosphoric 
acids producing liquid intermediates which may then be inflated. This is beneficial 
because it protects the underlying flammable layer due to the strong insulating 
properties [39].  
In addition, it is further argued that upon thermal decomposition (pyrolysis) of 
compounds with N-P combinations, thermally stable amorphous char made up of P-N-
O bonds are deposited. It is reported that this may form a protective layer over the 
cellulose char that is polymeric and becomes glassy when introduced to phosphoric 
acids. The substrate can be protected from the heat of the flaming zone by the nitrogen 
forming a gaseous layer, further enhanced by other volatile products acting as radical 
interceptors. In the gas phase, nitrogen compounds can also prohibit the volatilisation 
of the phosphorus compounds during thermal decomposition. More char can be formed 
due to the creation of nitrous acid (HNO2) and nitric acid (HNO3) from the nitrogen 
compounds which increases the dehydration of the cellulose [32]. 
2.7.4 Zinc stannate and zinc hydroxystannate synergism 
The effectiveness of zinc stannate (ZS) (with formula of ZnSnO3) and zinc 
hydroxystannate (ZHS) (with formula of ZnSn(OH)6) as alternative synergists to antimony 
(III) oxide (ATO) with halogen-containing flame retardant on polymers has been widely 
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studied [14, 15, 40, 41]. These synergists act by enhancing the effectiveness of the 
halogenated and, principally brominated retardant (Br-FR), present. Their behaviour is 
very similar to antimony (III) oxide (ATO), but there are added performance effects, 
particularly smoke suppression activity, reduction of carbon monoxide formation and 
thereby promotion of char formation. Their synergist activity is based on the formation 
of SnBr2 and SnBr4 in a vapour phase with some secondary condensed phase activity [14, 
40, 41]. 
Although antimony (III) oxide does not have flame retardant activity of its own, both zinc 
stannate and zinc hydroxystannate can act as char-promoters and smoke suppressants 
in non-halogenated polymeric systems [22]. They are also marketed as being relatively 
non-toxic and environmentally friendly when compared with ATO [40, 41].  
ZS and ZHS’s chemistries are very similar, and both are mixed oxides comprising zinc and 
tin atoms into a crystal frame. ZHS contains hydroxyl groups, which in the initial stages 
of fire, are driven off by the heat (180 °C), thereby cooling the flames and slowing the 
combustion reaction and therefore it cannot withstand process temperatures higher 
than 200 °C. Consequently, ZHS is recommended to be used for processes where 
maximum temperatures are <180 °C [14, 15]. On the other hand, ZS is stable at up to 
400 °C and so can be utilised during polymer melt processing up to this temperature. 
Therefore, it is recommended for use over all normal polymer processing temperature 
ranges [14, 15].  
 
2.8 Textile back-coatings 
Since the 1980s, the back-coating technique, as a flame retardant application method, 
has been developed where the flame retardant formulation is applied by using a binding 
resin to the back side of the fabric and so has little or no effect on the aesthetics of the 
front face [3, 27]. The use of this method, especially in the UK, has been developed due 
to the UK furnishing regulations [5]. According to the UK furnishing regulations, all 
domestic furnishing fabrics are required to survive the small ignition sources of a 
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cigarette and a simulated match when tested over an unmodified polyurethane foam 
[5, 27].  
The advantage of back-coatings is their relative cheapness and the fact that they are 
applied to the reverse surface of the fabric, which does not penetrate and affect the 
entire fabric, has no unwanted chemical interactions with the fibre, and hence, does not 
affect the aesthetics of the fabric [3, 35, 42]. The essential requirement for flame 
retardants used in the back-coating technique, is to have the ability to transfer flame 
retardant properties to the fibres on the front face to which an ignition source is applied 
during the test procedure [38]. 
Back-coating application methods include applying the flame retardant formulation as a 
paste or foam using a blade or knife or roller (the technique is fully descried in Section 
3.3.1). 
Halogen-based flame retardant back-coatings are commonly used for furnishing fabrics 
because they function in the vapour phase and so are effective on fabrics comprising all 
fibre types. Bromine-containing flame-retardants, usually in synergistic combination 
with ATO, are typically applied with a binding resin to textile substrates and comprise 
the majority of current UK textiles in upholstered furniture [38].  
Until very recently, one of the most commonly-used synergistic formulations exploited 
both in textile back-coatings and bulk plastics comprised a combination of the 
organobromine compound, decabromo- diphenyl ether or oxide (DecaDBE), with the 
synergist antimony (III) oxide. However, this has become the focus of environmental 
attention because of its claimed ecotoxicological properties [18, 43, 44]. Furthermore, 
there have been increasing concerns about the toxicity of halogen-based flame 
retardants generally and also antimony (III) oxide [35, 43, 44]. The major cause of 
concern regarding halogens in flame retardants is due to their claimed persistence and 
bioaccumulation in the environment. There is also a possibility of the formation of 
polybrominated dioxins associated with incineration of organobromine compounds and 
decarbonisation during ultraviolet degradation as mentioned previously [3].  
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A typical traditional back-coating formulation for upholstery cotton fabric with area 
density of 250 – 350 g/m2, is between 20 – 30 wt% dry add-on on the back of the fabric. 
According to the discussion in Section 2.6.2, a mass ratio of ATO:DecaBDE = 1:2 (which 
relates to a Sb:Br mole ratio = 1:3) is the optimum ratio, indicating that the active flame 
retardant is SbBr3, thereby yielding a bromine concentration of about 5 – 10 wt% on the 
fabric [27]. Similarly, the back-coating total solid coating weight for velour pile fabrics is 
about 70 – 80 g/m2, for cotton woven fabrics is about 30 – 40 g/m2, for other at woven 
furnishing fabrics is 40 – 50 g/m2. This amount for 100% polyester fabric is much higher 
(50 – 100 wt%) to prevent the underlying filling being revealed to the ignition source. 
The strong char forming characteristics of the resin will combat the shrinking back and 
melting face of the fabric. Additives such as alumina trihydrate (ATH) are required with 
polyester fabrics to ensure melting effects are mitigated effectively [27]. 
It is as a result of these concerns that new flame retardant systems need to be developed 
to meet the constantly changing demand of new regulations, standards and test 
methods. 
Furthermore, some work regarding possible synergistic function with phosphorus- 
containing species has been undertaken [35, 38]. More often than not, phosphorus- 
containing flame retardants function in the condensed phase [38], often as char formers, 
but phosphorus has been reported to function in the gas phase and so offers the 
potential as a replacement for bromine-containing formulations [42]. In developing 
phosphorus-containing, flame retardant strategies applicable to textile back-coatings, a 
number of volatile phosphorus-containing flame retardant species have been identified, 
although durability to water-soaking still remains a problem [35, 38, 42]. 
 
2.9 Novel surface flame retardant treatments for textiles 
During the last two decades, this increasing global concern has been addressed both by 
industrial and academic research activities to explore novel textile flame retardant 
applications based on known chemistry [13, 45, 46]. The resulting surface-treated 
fabrics containing these novel and smart flame retardant coatings are claimed to be 
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suitable for high performance applications [47, 48]. However, any major challenge of 
any surface treatment is that it must confer flame retardant properties to the underlying 
substrate fibres.  
Recently, several papers have studied cotton’s degradation mechanism with the 
intention of improving its thermal stability and flame retardancy [45, 49, 50]. A variety 
of techniques has been developed using different approaches, such as chemical 
modification, plasma treatment, sol-gel treatment, layer-by layer assembly and graft 
polymerization by ionized radiation [50 - 55]. The potential success of these surface 
treatments depends on a number of factors including whether the textile behaviour is 
thermally thin or thermally thick, what the minimal flame retardant, active species (e.g. 
phosphorus, nitrogen, silicon, etc.,) levels are required to yield an acceptable level of 
flame retardancy, the application-related, durability requirements and how the 
treatment influences other desirable fibre and fabric properties. 
Most textile fabrics can be described as being “thermally thin” meaning that when they 
are exposed to a heat flux, no thermal gradient is evident as the temperature rises 
through the fabric [56]. As a result, any surface application must be able to impose its 
retardancy very quickly as the fibres in the fabric pyrolyse constantly throughout the 
fabric thickness, unless a surface treatment provides perfect insulation or, it develops 
an expanded surface char (like an intumescent coating). 
More often than not, these innovative developments have focused on the enhancement 
of the char-forming efficiency by using intumescent or similar heat barrier systems 
based on silica networks. These are able to create a physical barrier on the textile 
surface, thus protecting the underlying textile structure although, unlike intumescent 
chars, silica networks developed by sol-gel chemistry, for example, may not be as 
effective in spite of their high degree of homogeneity at the molecular level and 
outstanding physical and chemical features [12, 13, 57]. Recently, several cotton 
features such as water repellency, mechanical properties, dye fastness, anti-wrinkle 
finishing and UV protection have been improved by investigation using such novel 
techniques [58 - 66].  
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2.9.1 Sol-gel treatments 
Of these novel techniques, sol-gel technique processes has been more frequently 
investigated as an alternative method for providing flame retardant properties to 
cellulosic substrates [58 - 66].  
The sol-gel method involves hydrolysis and polycondensation, gelation, ageing and 
drying of the wet gel, precursor chemical species. Typically, the precursors may start 
from (semi-) metal, usually silicon alkoxides, which after deposition and hydrolysis lead 
to the formation of completely hybrid inorganic or organic-inorganic coatings (see Figure 
2.5) [45, 46].  
Sol-gel treatments have the ability to change the thermal and combustion behaviour of 
cellulose in two main ways: i) by creating thermal protection as would be expected of a 
complete inorganic barrier, and ii) this same thermal protection may be improved by 
combination with a carbonising (or char forming) effect due to the presence of an acid 
source, which interacts with the underlying cellulose (cotton) fibres [67, 68]. In relation 
to the cellulosic substrates, these inorganic architectures absorb the heat from the 
surrounding area and also shield the polymer substrate, by creating a physical barrier to 
both oxygen and heat transfer. This slows down the degradation of the underlying fibres 
and the associated development of flammable volatile species as well as favouring the 
formation of a carbonaceous char structure [57]. 
Alongi et al have been at the forefront of studying the flame retardancy of cotton fabric 
by using sol-gel treatments [68, 69]. They investigated the effect of different process 
parameters including silica precursor type, silica precursor:water molar ratio and drying 
conditions (temperature and duration), in the presence of different phosphorus-
containing flame retardants [1, 45, 46, 68]. 
It has also been demonstrated that two common silica precursors, namely 
tetramethylorthosilicate (TMOS) and tetraethylorthosilicate (TEOS), are suitable for 
enhancing the flame retardant properties of cotton fabrics, especially in the presence of 
phosphorus-containing species [7, 45, 46]. According to Alongi et al, the best 
performances of cotton fabrics are demonstrated when the sol-gel cotton fabric sample 
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was thermally treated in an oven at 80 °C for 15 hr, using a 1:1 of TMOS:H2O molar ratio 
[1].  
 
Step 1: hydrolysis 
 
Step 2: Condensation 
Aqueous condensation 
 
Alcoholic condensation 
 
Figure 2.5: Reaction scheme of the sol-gel process. 
   
Although, all approaches achieve certain levels of flame retardancy, they often have 
limitations, particularly poor washing durability and damaging effects on mechanical 
properties of treated fabrics [70 – 73]. Furthermore, treated fabrics reported in current 
research papers are rarely, if ever, tested for their ability to act as a flame barrier over 
typical materials used as fillings in domestic furniture, such as polyurethane (PU) foam. 
This is an essential requirement of fabrics which have to fulfil the UK regulatory 
requirements after the obligatory 30 min water-soak at 40 °C [5, 16]. Intumescent 
treatments including those based on sol-gel treatments are often challenged as having 
poor wash durability [27, 42]. 
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2.9.1.1 Polydimethylsiloxane (PDMS) 
Polydimethylsiloxane (PDMS) belongs to the group of silicone polymers which may be 
manufactured in the form of a transparent, colourless elastomer that is applicable to a 
variety of applications. This polymer can be used in shampoos to improve 
“voluminosity” in washed and dried hair or as an antifoaming agent in food. PDMS is 
synthesised from two interactive components and commercially is available often as a 
kit comprising a base and a curing agent. The chemical formula of this polymer is shown 
in Figure 2.6. The degree of polymer cross-linking defines the degree of elasticity and is 
the reason for the bulk of PDMS [74 - 76]. Curing agents may be added to this PDMS, to 
develop its structural rigidity by acting as branching points, helping form internal cross-
links that turn the PDMS into a flexible or elastomeric solid. The curing agent contains a 
proprietary platinum-based catalyst that catalyses the addition of the SiH bond across 
the vinyl groups, forming Si-CH2-CH2-Si linkages [77 – 79]. 
 
 
Figure 2.6:  PDMS chemical formula. 
 
 
2.9.2 Layer by layer Assembly 
In recent times, a simple and highly tailorable coating technique, known as layer-by-
layer (LbL) assembly treatment, has been applied to cotton and cotton/polyester blends 
and demonstrated acceptable self-extinguishing properties during vertical fabric strip 
testing after a defined washing procedure [80 – 82]. In 1966, Layer-by-layer assembly 
was demonstrated for the first time [83], however decades later this technique was 
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optimized and studied by other authors [84 – 86]. Notable among these are the recently 
published results of Grunlan et al [81, 82].  
In the layer by layer technique, by using immersion or spraying method, multifunctional 
thin films are deposited on the substrate surface. The charged polyelectrolyte solutions 
subsequently build up negatively and positively charged layers on the substrate surface 
[80]. This technique was not stuided in this PhD work.  
 
2.9.3 Atmospheric Plasma  
Attempts to develop continuous processes requiring lower need for water-based 
processing, have been attempted during the last 10 years or so by applying atmospheric 
plasma to continuous, open-width processing equipment for use by the textile finishing 
industry. This has created interest in its application to conferring flame retardancy in 
addition to other novel effects [55].  
Although very little work has been published to date using atmospheric plasma, recent 
work at the University of Bolton has shown that deposition of silicon-based species on 
textile surfaces could significantly improve their flame retardancy defined in terms of 
improved flash fire resistance [87]. This improvement of flash fire resistance was 
observed on pure cotton, Proban®-treated cotton and Nomex® aramid fabrics. More 
recent work from Tata et al. [88] showed that polyester fabrics could be etched initially 
by cold oxygen plasma and then finished with hydrotalcite, nanometric titania and silica 
aqueous suspensions. This treatment gave improved fire performance levels, even after 
washing in demineralised water at 30 °C for 30 min. A subsequent study [89] used 
plasma surface activation combined with nano-montmorillonite clay deposition to 
improve the thermal stability of fabrics in air. Later research by Totolin et al. [90] 
reported grafting/crosslinking of sodium silicate layers onto viscose and cotton flannel 
substrates by using atmospheric pressure plasma which increased fabric burning times 
during 45° testing. Continued presence of the silicate on the surface of the fabrics even 
after ultrasound washes could be confirmed by XPS and SEM although they 
acknowledged that the presence of silicon-containing moieties alone within the 
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cellulose would be insufficient to produce high levels of flame retardancy as observed 
previously for sol-gel and LbL treatments. This shortcoming was recognised also by 
Edwards et al. [91] who attempted to introduce phosphorus as a phosphoramidate onto 
cotton via an atmospheric plasma treatment. Unfortunately, while char levels were 
increased, flame self-extinguishability during vertical fabric testing was not achieved and 
correlated with the inability to apply the appropriate phosphorus levels into the grafted 
fabric.  
As far as the authors are aware and in spite of the initial promise shown by atmospheric 
plasma processing, the challenges faced still appear to be: 
i. Difficulty of achieving high enough add-ons sufficient to create self-
extinguishability. 
ii. Weak or minimal strong physical and/or chemical bonding to the underlying 
fibres present which compromises wash durability. 
iii. Lack of adequate penetration below fibre surfaces of the flame retardant species 
or precursors applied which can allow increased add-ons to be achieved. 
A recently developed and patented technique, available as a full commercial process by 
MTIX Ltd., UK [92], exploits the simple principle that atmospheric plasma treatment 
alone is insufficient to activate adjacent fibre and flame retardant species necessary to 
form strong FR-fibre chemical bonds, unless a second high energy source is also present. 
In this Multiplexed Laser Surface Enhancement or MLSE process, this latter is a 308 nm 
UV excimer laser able to break single covalent bonds (C-C, C-O, C-N, etc.) in both flame 
retardant precursor and fibre thereby increasing the chance of interaction. This system 
offers the means of eliminating a number of wet processing cycles during the production 
of novel finishing effects in textiles since the whole process is undertaken under dry 
conditions with no washing off requirements or other liquid effluents. While the patent 
[92] identifies the ability of the MLSE system to introduce properties of hydrophilicity, 
hydrophobicity, improved dyeability and anti-microbial properties to textiles, it 
specifically claims that flame retardancy may be introduced either by pre-
impregnating/coating prior to plasma/UV or by introduction of volatile/aerosol flame 
retardant precursors into the plasma zone. The current commercially available system 
based on this technology enables textile fabrics up to 2 metres in width to be 
continuously processed up to speeds of 55 m/s.  
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2.10 Regulatory and testing requirements for flame retardant upholstered furniture 
textiles 
Fire regulations for textiles may be different in terms of the items regulated and the 
application covered by those items between different countries. However, the fire 
regulations in general are based on their final application; whether they apply in a 
domestic environment, in a public place (such as hotel, airport, prison and hospital) or 
in the workplace for worker protection [3]. Therefore, textile related fire regulations 
cover a number of categories; bedding (domestic and contract (public)), upholstered 
furnishing (domestic and contract (public)), transport (air, land and marine), nightwear 
(domestic) and protective clothing (workplace, civil emergency and defence) [3].  
This work has focused on textiles related to upholstered furnishing applications in UK 
[5]. The UK furnishing regulations are currently the only mandatory domestic furnishing 
regulations that exist and cover a wide variety of upholstered furniture forms including 
children’s furniture, sofa beds, mattresses, bedheads, garden furniture, furniture in 
caravans, loose and stretch covers and many others [3, 5]. According to statistics, around 
140 lives are saved each year as a consequence of UK mandatory domestic upholstery 
regulation and smoke alarms [3].  
In order to implement the regulations, furnishing fabrics are subjected to the ignition 
sources described in British Standard BS 5852:1979: Part 1 [16, 17]. In this standard, the 
Source 0 is related to the cigarette test and Source 1 is related to the match test as a 
small butane flame source which is applied when the unmodified polyurethane foam 
(PU) is covered by fabric. The contract or public regulations in the UK have methods of 
testing defined in BS 5852:1979:Part 2 [16], BS 7176:1995 [93] (seating) (revised 2007 
[94]) and BS 7177:2008 [95] (bedding) using BS EN 1021-1 [96] and BS EN 1021-2 [97]. 
In this thesis, the resistance of experimental fabrics to Source 1 is the major interest and 
the test methodology is fully discussed in Section 3.4.1.1. 
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CHAPTER 3:  EXPERIMENTAL 
 
3.1 Introduction 
This chapter details the materials and experimental procedures used for this project. 
Firstly, materials used for back-coating and sol-gel technique are discussed. These 
include fabrics, polyurethane (PU) foams and chemicals used for the flame retardants, 
synergists, resin and other additives. This is followed by a discussion of the various 
methods of preparing and of treating woven cotton and polyester and finally, the 
different experimental tests used to characterise treated fabrics in terms of flammability 
testing, physical testing and techniques used to assess the various flame retardant 
mechanisms operating.  
 
3.2 Materials 
3.2.1 Fabrics and foams 
Woven cotton duck and woven polyester fabrics (plain woven fabric) from Whalleys Ltd. 
(Bradford) were used in a commercially bleached state as typical examples of furnishing 
fabric substrates with physical properties shown in Table 3.1. Flexible polyurethane 
foam, commensurate with commercial unmodified and combustion modified (CMHR) 
polyurethane-ether foams of density ~22 – 25 kg/m3, supplied by Lubrizol Ltd., were also 
used over which treated fabrics would be assessed for their ignitability.  
Table 3.1: Fabrics information used in the project. 
Fabric name Chemical structure Area density (g/m2) Threads per unit length 
Cotton (C6H10O5)n ~250 20 Weft & 12 Warp 
Polyester (C10H8O4)n ~170 20 Weft & 20 Warp 
~260 20 Weft & 15 Warp 
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3.2.2 Back-coating technique materials  
Information on the chemical materials used in the back-coating method, is presented in 
Table 3.2. Decabromodiphenyl ether (DecaBDE) was supplied by ICL Ltd., as a white 
powder with bromine content of 83% and used as received. TexFRon 9020 and TexFRon 
P+, other flame retardants also supplied by ICL Ltd., were supplied as water-based 
emulsions with solid contents of 62% (TexFRon 9020) and 50% (TexFRon P+). The 
bromine contents of TexFRon 9020 and TexFRon P+ are 32% and 16% respectively. Both 
TexFRon 9020 and TexFRon P+ contain anti-smouldering agent and P in TexFRon P+ 
stands for polymeric brominated. 
Antimony (III) oxide (ATO) was obtained from William Blythe Ltd., with minimum 95% 
content of Sb2O3, as the conventionally used synergist. The other synergists used were 
zinc hydroxystannate and calcium stannate from William Blythe Ltd. 
 
Table 3.2: Chemical materials used and their chemical structure. 
Material Commercial name  Chemical structure 
 
Flame 
retardant 
 
Decabromodiphenyl ether (FR-1210) C12Br10O 
TexFRon P+  Unspecified 
TexFRon 9020  Unspecified 
 
Synergist 
 
Flamtard H S1050 - Zinc hydroxystannate  ZnSn(OH)6 
Calcium stannate  CaSnO3 
Antimony (III) oxide (ATO) Sb2O3 
Resin Hycar T-91 (Lubrizol) Acrylic copolymer 
CBB26373 Styrene acrylate copolymer 
Thickener CellosizeTM Hydroxyethyl Cellulose  Unspecified 
Surfactant Sodium dodecyl sulphate (SDS) CH3(CH2)11OSO3– Na+ 
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The main acrylate copolymer resin binder used is Hycar T-91, from Lubrizol Ltd., in a 
water-based emulsion form with total solids content of 50% precisely designed for 
upholstery back-coating applications. A resin specially designed for polyester, 
CBB26373, a styrene acrylate-based resin was recommended and supplied by Lubrizol 
Ltd., which was also in a water-based emulsion having a total solids content of 60%.  
CellosizeTM (comprising hydroxyethyl cellulose) was supplied by the Dow Company as a 
formulation thickener and was used as received. Sodium dodecyl sulphate (SDS) from 
Sigma–Aldrich was purchased as a surfactant and used as 10%, diluted in distilled water.  
  
3.2.3 Sol-gel technique materials 
Tetraethoxysilane (or tetraethyl orthosilciate) (TEOS) and dibutyltin diacetate were 
purchased from Sigma–Aldrich and used as received (Table 3.3). Polydimethylsiloxane 
(PDMS) as an example of a polymeric organosilicon compound and its curing agent were 
purchased from Dow Corning and used as received (Table 3.3). Phosphorus- and 
nitrogen-containing flame retardants selected are listed in Table 3.4 with their 
respective trade names and physical properties. 
 
Table 3.3: Chemical materials used and their chemical characteristics. 
Commercial name Trade name Chemical structure Appearance 
Tetraethylorthosilicate TEOS SiC8H20O4 Colourless liquid 
Polydimethylsiloxane PDMS (C2H6OSi)n Colourless liquid 
Dibutyltin diacetate DBTA C12H24O4Sn Colourless liquid 
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Table 3.4: Properties of the phosphorus- and nitrogen based flame retardants used. 
Commercial 
name 
Trade 
name 
Chemical 
structure 
Appearance Solubility   
(g/l H2O) 
N (%) P (%) Decomposition 
temp (°C) 
diammonium 
phosphate 
DAP (NH4)2HPO4 White powder 575 (10 °C) 
1067 (100 °C) 
21.2 23.5 155 
Urea Urea NH2CONH2 White powder 1079 (20 °C) 
4000 (80 °C) 
46 --- 135 
 
3.3 Preparation of treated woven fabrics 
3.3.1 Back-coating formulation and application 
A number of back-coated woven fabrics comprising a resin, flame retardant, and 
synergist present in the respective formulation in desired molar ratios were prepared 
using a small size coating technique (see Figure 3.2). The size of fabric used for back-
coating is 300 x 220 mm, which is the size that can be used on a small coating machine. 
A K-Hand Coater (RK Print-Coat Instruments Ltd) was used for laboratory coating 
samples, initially as a simple hand-held coating rod and later in the work using an 
automated form (RK Print-Coat Instruments Ltd) (see Figure 3.1). In the each part of the 
work, the samples will be specified that were coated by using which coating machine.  
Before each fabric was back-coated, the coating paste was prepared based on a defined 
molar ratio of the antimony and bromine elements present (Sb:Br) = 1:3 based on the 
assumption that the SbBr3 is the main intermediate formed that determines overall 
flame retardancy (see Chapter 2, Section 2.7.2). By varying respective paste viscosities, 
selection of an appropriate K-bar number and numbers of successive formulation 
applications, attempts to achieve a simulated match test (or SMT, see Section 3.4.1.1) 
pass for each flame retardant/synergist combination were carried out. 
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                                                           (a)                                                                                      (b) 
 
(c) 
Figure 3.1: (a) Automated coater, (b) K-Hand Coater, (c) K-bar. 
 
To achieve a desired dry weight pick-up, the following stages were undertaken: 
• For each resin used, a defined volume was stirred for 1 min using an IKA 
EUROSTAR overhead stirrer with 1.6% of sodium dodecyl sulphate (SDS) (as a 
10% solution) as a surfactant; 
• Defined amounts of each bromine-containing flame retardant and synergist 
were slowly added to the resin and surfactant emulsion; 
• The combined paste was mixed together for 15 min to get the required paste 
viscosity, defined subjectively as sufficient to enable the coating to remain on 
the surface and not to penetrate through the whole thickness of the fabric; 
• Different K-Hand Coater bars were tried from number 1 to 5 to obtain the desired 
%add-ons and penetrations required. K-Hand Coater bar numbers 1 & 2 were 
selected as the best to obtain the desired %add-on values applied to the fabrics; 
• Each coated fabric was immediately dried in an oven at 120 °C for 5 min and 
cured at 160 °C for 3 min. 
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Figure 3.2: Back-coating of fabric by using K-Hand coater schema. 
 
3.3.2 Preparation of sol–gel treated cotton fabrics 
Pure silica phases were synthesized by the sol–gel technique using 
tetraethylorthosilicate (TEOS) (as silica precursor), distilled water (precursor:water 
molar ratio = 1:2), ethanol and dibutyltin diacetate (DBTA). Based on published work by 
Alongi et al. [1], a mixture containing TEOS, ethanol and distilled water was stirred at 
room temperature for 10 min; DBTA (0.9%) was added as a condensation catalyst. Then, 
the cotton fabrics were either impregnated or sprayed with the prepared sol at room 
temperature (as explained below). Subsequently the samples were heated at different 
temperatures in the range 80 – 150 °C and durations in the range 3 min to 15 hr, which 
will be discussed in the chapters seven and eight.  
Impregnation method: In this method, the fabric was immersed in the sol-gel solution 
for 1 min and then padded through a small manual padding machine. The impregnation 
and padding procedures were applied on the fabric several times immediately in 
succession until a predetermined or maximum wet %pick-up was achieved on the fabric 
(Figure 3.3).  
To investigate how many cycles gave the maximum wet %pick-up on the cotton fabric, 
the impregnation and padding procedure was repeated for five cycles (see Table 3.5). 
From Table 3.5, it is clear that three cycles of impregnation and padding are enough to 
achieve the maximum wet % pick-up on the fabric. Therefore for all samples, 
impregnation and padding cycles were repeated three times to get the maximum wet % 
pick-up on the cotton fabric. 
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Figure 3.3: Surface coating using sol-gel technique configuration. 
 
Table 3.5: Impregnation and padding cycles for sol-gel treatment. 
 Impregnation and padding cycles 
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 
Wet %pick-up 87 104 111 111 112 
 
Spraying method: In the spray method, the sol-gel solution was applied onto the fabric 
as a fine spray by using a spray bottle. In order to do this, the fabric was hung vertically 
from clips and the sol-gel solution sprayed onto the fabric surface (either one side or 
two sides based on the test required). Control of %add-on was more difficult using this 
method than using the impregnation method. To control the desired wet pick-up, the 
fabric was allowed to become completely wetted with no dry part detectable on the 
fabric and sprayed for 10 s on each side of the fabric. 
 
3.3.3 Production of char of treated fabric 
To prepare chars for further analysis, a furnace was heated to selected temperature at 
350 °C. Samples of size of 150 mm × 25 mm were placed in the furnace for 1 min. 
Replicate specimens of each sample were prepared for mechanical (tensile) and Fourier 
transform infrared (FTIR) spectroscopy tests. 
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3.3.4 %Add-on calculation 
The amount of material deposited on the fabric samples (%add-on) was determined by 
weighing each dried sample of untreated fabric before (Wi) (dried at 120 °C for 5 min) 
and after treatment in the dried, cured state (Wf), using a Sartorius balance (± 10-4 g). 
The %add-on in this project was calculated according to the following formula: 
%"## − %& = () −(*(* × 100 
 
3.4 Testing and characterisation 
3.4.1 Flammability testing 
Before flammability testing all samples after drying in the open laboratory if they had 
been subjected to a water-soak test (see Section 3.4.7), were stored in a desiccator to 
ensure that they were kept in a dry condition. 
 
3.4.1.1 The simulated BS5852 “match” test or SMT 
Because of the small size of coated fabric available, a simulated ‘’match test’’ was used, 
which was developed by the former company Mydrin (now Lubrizol Ltd) over 25 years 
ago to simulate on a small scale, the small gas flame Source 1 test requirements in BS 
5852:1979 [2] defined for testing UK furnishings defined by the UK 1988 regulations. 
Source 1 is a small gas flame burner which attempts to simulate a lighted match, the 
simulation of this method will be referred to as the simulated match test (SMT) [3]. In 
this simulated test, a piece of non-flame-retardant polyurethane foam of 220 × 150 × 22 
mm (~25 kg/m3 density) was used as the filling part of the composite to be tested. The 
coated fabric was cut into 220 × 250 mm pieces and sewn onto the foam to form a mock-
up back of an upholstered chair, as shown in Figure 3.4, but having dimensions suitable 
for testing in a vertical orientation according to BS 5438: 1989 [4]. The coated surface of 
fabric is in contact with the foam and the fabric uncoated face exposed to the flame. 
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The butane gas burner in BS 5438: 1989, was used as a substitution for the butane tube 
burner in BS 5852 with a flame height adjusted to 40 mm as specified in BS 5438, (see 
Figure 3.4). This was applied for 20 s and then removed. If the fabric continued to flame 
for more than 2 min or afterglow more than 10 min (as defined in the full scale BS 5852 
test) after removal of the ignition source, a ‘’fail’’ was recorded for the test result, 
otherwise a ‘’pass’’ result was reported.   
After simulated BS 5852 (Source 1) testing, the fabric damaged lengths and foam 
damaged depths for each sample were measured. The fabric damaged length was 
measured by placing the specimen on a flat horizontal surface. A slit was cut from the 
bottom edge, through the undamaged area until the charred region was reached. Then  
and  by holding one side of the cut edge, the other edge of the free side of the test 
specimen was gently raised, tearing through the weak charred zone until a definite 
resistance is felt [4]. The length of the lower edge of the charred zone to the point at 
which resistance was felt is defined as the damaged length of the burnt fabric. The foam 
damaged depths simply measured as the deepest part of hole damage in the foam using 
a small ruler. According to the BS 5852 (Source 1) (match test), for each sample two 
replicate specimens need to be tested. However, we are using simulated match, where 
we have used three specimens per sample to establish the certainty of pass. 
 
 
Figure 3.4: Simulated match test (SMT) test scheme based on the full scale BS 5852:1979, 
Source 1 test [2]. The burner shown is defined in BS 5438:1989 [4]. 
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3.4.1.2 Limiting Oxygen Index  
The Limiting Oxygen Index (LOI) test is used to determine the relative flammability of 
materials quantitatively. LOI is defined as the minimum concentration of oxygen that 
will just support flaming combustion of a vertically orientated sample in a flowing 
mixture of oxygen and nitrogen when ignited from the top edge. A specimen is 
positioned vertically in a transparent glass, cylindrical test column and a mixture of 
oxygen and nitrogen is forced upward through the column (Figure 3.5). The specimen is 
ignited at the top by a small gas burner flame for about 5s. The oxygen concentration is 
adjusted until the specimen just supports combustion and expressed as the volume 
percent or vol %. Higher values of LOI indicate greater fire retardancy. Limiting Oxygen 
Index (LOI) values were measured for selected back-coated samples using the FTT 
equipment according to ASTM D2863/77 for thin samples including textiles [5]. Self-
supporting frames are used to support the fabric as shown in Figure 3.5 below, which 
measures 130 x 70 x 3 mm with the fabric specimens measuring 130 x 50 mm which are 
held within the frame. The final LOI value is the average of those for three replicate 
specimens per sample.  
 
    
Figure 3.5: Limiting Oxygen Index test configuration. 
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3.4.1.3 Horizontal burning rate  
Changes in fire performance of the sol-gel treated cotton substrates were determined 
by measuring the effect of each sample on the horizontal burning rate of the cotton 
fabric compared with the reference cotton. The samples with dimensions of 130 × 50 
mm were held in the U-shaped frame used for LOI testing and each fabric was marked 
at 30 mm, 80 mm and 130 mm intervals from one the end of frame (Figure 3.6). The 
burner used was that for the BS 5438:1985 method and the butane flame height was 
adjusted to 20 mm, applied to the horizontal sample at the free edge for 10 s and then 
removed.  The burning rate as the flame reached each mark and average burn rate and 
percentage residue (or residue %) left were all recorded. The burning rate was calculated 
according to the following formula: 
 
./0&1&2	0"45	(77/71&) = :/0&4	;5&24ℎ	(77)	:/0&1&2	4175	(=) × 60 
 
The final %residue of each sample after the test was measured by removing the unburnt 
or undamaged edges from all samples and then determining the weight remaining and 
expressing it with respect to the weight of an unburnt sample having the same area. 
Two replicate specimens per sample tested using this method.  
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Figure 3.6: Illustration of the horizontal burning experimental setup using the textile sample 
frame for LOI testing. The sample was ignited in the open end zone and the burning timed 
from the first mark to the end of the frame (130 mm). 
 
3.4.1.4 Cone calorimetry 
The fire performances of treated woven fabric individually and in combination with PU 
foams (both unmodified and combustion-modified) were studied by using a Fire Testing 
Technology (FTT) cone calorimeter (see Figure 3.7). The cone calorimetry test method 
used was that defined in the ISO 5660 standard method in which the size of sample is 
100 × 100 mm with a minimum thickness of 3 mm [6]. 
Foam samples measuring (100 × 100 × 22 mm) and the covering fabric were cut 
according to the template shown in Figure 3.8. Each PU foam type was individually 
tested as 100 × 100 × 22 mm specimens and each fabric was similarly tested 
independently of the foam with respective upper face areas exposed to a radiation flux 
density of 35 kW/m2 in a horizontal configuration [7]. The specimens were placed in the 
sample holder, which was set up on the mass balance to record the mass of the sample 
during the test. The top surface of each specimen was separated from the lower rim of 
the cone heater source by a distance of 25 mm. A shutter was in place between the 
heater and specimen while the sample holder was put in the correct place and until each 
experiment was about to commence. When the shutter was released to expose the 
specimen to the heat source, an electrical sparking electrode placed at 13 mm above 
the specimen surface, was switched on to ignite volatiles emitted by the fabric, foam or 
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composite present. Smoke produced is determined optically by aligning a laser beam 
across the duct and a predetermined amount of the flow gas is collected at a sampling 
ring, which is pointed downstream. After the smoke has passed through a chiller and 
drying agent (which withdraws any water) the gas reaches a collection of CO, CO2 and 
O2 content analysers [6]. 
 
 
Figure 3.7: Fire Testing Technology (FTT) cone calorimeter. 
 
This analysis of flow rate through the duct and mass loss of the sample allows several 
parameters to be calculated; most notably the depletion of oxygen allows the heat 
release rate to be determined. The reduction of oxygen in fire exhaust gases measures 
the amount of heat released by burning test specimens. According to Parker, in a 
complete combustion of polymeric materials, the amount of heat released per unit 
volume of oxygen consumed is constant. The heat release rate of materials that 
frequently occur in fires can be approximated by collecting all of the products of 
combustion in an exhaust hood and measuring the oxygen flow rate therein. This 
method has been referred to as oxygen consumption calometry despite there being no 
actual calometric (heat) recordings [8, 9].  
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Figure 3.8: Covering fabric template [7].  
 
This draws upon the understanding that there is a higher heat output in materials using 
more oxygen per gram of mass. This is because the more combustible elements are 
converted to oxides, particularly hydrogen and carbon become water and carbon oxides 
respectively. 
The data measured by using cone calorimetry tests are time to ignition (TTI, s), total heat 
release (THR, kW/m2), heat release rate (HRR, kW/m2), peak heat release (pkHRR, 
kW/m2), total Smoke release (TSR, m2/m2), smoke release rate (RSR, (m2/s)/m2), carbon 
monoxide yield (COY) (kg/kg), carbon dioxide yield (CO2Y) (kg/kg) and mass loss rate 
(MLR, g/s).  
For only fabric samples, to avoid moving samples from the holder during the test, four 
Wiggin nickel alloys wires are used to keep the fabric on the holder. Figure 3.9 shows an 
example of the fabric sample.  
The reverse face and edges of fabric only and fabric/foam composite samples were 
wrapped in aluminium foil before mounting in the holder. 
For each sample, the experiments were carried out on three specimens to assess their 
reproducibility. 
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Figure 3.9: Fabric sample prepared with alloy wire for cone calorimetry test. 
 
3.4.2 Thermal analysis  
Thermal stability of flame retardants, fabrics, and treated fabrics were studied by using 
thermogravimetric analysis (TGA). All TGA/DTA experiments were performed using the 
SDT 2960 Simultaneous DTA-TGA (TA Instruments). Thermogravimetric analysis (TGA) is 
a technique that measures the mass of a sample against time when heated at a constant 
temperature or against a programmed increasing temperature under a defined 
environment (e.g. air or nitrogen) and may be used to study the thermal stability of 
polymeric systems under simulated application conditions. The samples were placed in 
an open platinum pan heated from 50 to 700 °C with a heating rate of 10 deg min-1. 
Exact sample weights within the range of 5 to 10 mg were used and reported in each 
part of this project.  
The data were collected by the combined TGA/DTA included experimental time and 
temperature, the temperature difference between sample and reference pans with 
respect to time/temperature and sample mass. As a result, mass loss with respect to 
time/temperature (TGA) and rate of mass loss (DTG, differential TGA) calculated by the 
instrument were recorded simultaneously. Furthermore, the difference in temperature 
recorded by the sample and reference thermocouples built into the sample holders 
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enabled the differential thermal analytical or DTA response also to be recorded. This 
yields a semi-quantitative indicator of endothermic or exothermic processes happening 
in the sample pan compared to the reference, measured and divided by the sample mass 
(output °C mg-1). The experiments were carried out on two specimens for each sample, 
to assess their reproducibility. 
 
3.4.3 Chemical analysis  
3.4.3.1 Inductively coupled plasma spectrometry (ICP) 
The phosphorus content of samples was analysed using the Thermo-Scientific iCAP6000 
analyser at the William Blythe Ltd. facilities. In inductively coupled plasma (ICP), involves 
the excitation of the high-level electrons within a given element which causes an 
absorption band in the visible range of the electromagnetic spectrum unique for each 
element present. Each element present may be qualitatively identified and 
quantitatively determined in terms of the measured absorption intensity. To analyse 
samples by this technique, the samples must first be rendered soluble in an acidic 
medium. A known amount of the resulting liquid sample in concentrated nitric acid, was 
vaporized in an argon plasma flame, which caused the excitation of the elements and 
particularly the phosphorus present. The amount of assumed element present can be 
measured by comparing the absorption of a known wavelength against standards of 
known concentrations.  
 
3.4.3.2 Acid digestion and ICP analysis of phosphorus  
The phosphorus content of sol-gel treated cotton fabrics were investigated by using acid 
digestion and ICP analysis at Shirley Technologies Limited (BTTG). The instruments that 
have been used for the phosphorus analysis were CEM Microwave Discover SP-D 
Explorer-48, Agilent Technologies 7700 ICP-MS, and a Mettler balance AG204. The 
cotton fabric samples were cut into very small pieces weighing between 0.15 - 0.2 g 
accurate to 4 decimal places in a Quartz Microwave vessel. 5 ml of nitric acid was then 
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added as well as 2 ml of hydrogen peroxide and a stirring rod used to help with digestion. 
The samples were then digested on the microwave up to a pressure of 28 bar and a 
temperature of 220 °C. 
The digested samples were then filtered using Ashless Whatman filter paper into a 50 
ml Digi Prep Tube. The microwave vessel was also rinsed with deionised water into the 
same digi tube so that all of each the digested sample was collected. A further 1 ml HCL 
and 1 ml nitric was added and the solution was then made up to 50 ml in the digi tube 
with deionised water. The samples were then exposed to the ICP analyser against 
standards at 2000, 1000, 500, 1, 0 ppb. 
The samples were each only digested once. The ICP measures each sample 5 times and 
takes an average of the results. A quality control check was also run with the samples to 
check whether the ICP is running as it should. 
 
3.4.3.3 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) was used to investigate the chemical 
characteristics of the deposited species on the surface of the sol-gel-treated cotton 
fabric before and after water-soak testing and thus identify which species were water 
soluble and insoluble. This test has been done at Nexus, Newcastle University. X-ray 
photoelectron spectroscopy (XPS) spectra were collected with an AXIS Nova 
Spectrometer (Kratos Analytical Ltd., Manchester, UK) using a monochromated AlKα X-
ray source (excitation energy of 1486.6 eV). 
X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive analysis technique that 
measures the elemental composition of a broad range of materials and chemical and 
electronic states within the surface of the material being studied [10]. The experiments 
were carried out in triplicate (three points on each sample) and the results are the 
average of data for three points on each sample. 
The XPS basic mechanism is based on the excitation of the electronic states of atoms on 
the surface of the sample by using photons of specific energy. A beam of X-rays 
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penetrates below the surface of the materials and electrons are ejected from 0 to 5 nm 
depth from the sample surface and simultaneously the kinetic energy and number of 
electrons that escape are determined [10]. 
To study the elemental composition in a depth profile of the sample, the option of argon 
ion beam etching of the fabric surface and which was then analysed using XPS at the end 
of each interval of etching time can be obtained. By using argon ion beam, a new surface 
etches and the XPS spectra provide the means of analysing the configuration of these 
etched surfaces [10].  
If three elements of A, B and C are detectable in one sample, the weight percentage for 
element A calculates as equation below: 
(512ℎ4	?50@5&4"25%	%A	B = (B4%71@	C512ℎ4	 ∗ B4%71@	?50@5&4"25)%A	BEFG	(B4%71@	C512ℎ4	 ∗ B4%71@	?50@5&4"25)	%A	B, .	"&#	I ∗ 100 
 
3.4.4 Surface morphology characterisation 
3.4.4.1 Digital microscope 
The cross-section of back-coated cotton fabrics were studied by using Handheld Digital 
Microscope PRO (5 MP). By using this digital microscope, the penetration of flame 
retardant through the fabric when coated on the back side of the fabric were recorded 
and discussed in Section 5.5.1. 
 
3.4.4.2 Scanning electron microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) 
The surface morphologies of treated fabrics were studied using scanning electron 
microscopy (SEM) (with a Hitachi S3400-N instrument) with 500 µm resolution for 
surface samples and 100 µm for cross section samples. All images for fabric surfaces 
were obtained at 7 kV beam voltage and for fabric cross section at 5 kV. In addition, 
secondary electron and X-ray detectors were used to get EDS (Energy Dispersive 
Spectroscopy) images of nitrogen-, silicon- and phosphorus-containing particulates 
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present. To prepare samples for SEM/EDX examination, fabric pieces, 3 × 3 mm sizes, 
were cut and mounted on the sample stub using conductive adhesive tapes. Specimens 
of each sample were individually placed in the chamber of a Polaron Range SC7620 
Sputter Coater to deposit a conductive layer of gold on the samples. The exposure for 
gold coating was for 45 s.  
 
3.4.4.3 Fourier transform infrared (FTIR) spectroscopy 
The chemical characteristics on the surface of the treated cotton fabric and its char were 
studied by using FTIR spectroscopy. FTIR analysis was performed, using a Thermo 
Scientific IS 10 Nicolet FTIR spectrometer at the University of Bolton. In FTIR, polar bonds 
within molecules present in the sample are vibrationally excited by incident infrared. 
Covalent bonds such as O-H, N-H, C-O, C-N, etc., absorb at characteristics frequencies 
depending on whether they are stretching or bending modes of vibration. At each 
infrared wavenumber (reciprocal wavelength), the percentage of energy absorbed is 
determined, which when plotted as the absorption A (where A=-log [(Io-It) x 100/Io, 
where Io and It are the incident and transmitted beam intensites respectively) versus 
wavenumber (cm-1) yields the infrared absorption spectrum of the samples over the 
wavelength range equivalent to between 600 and 4000 cm-1. Thus, the presence of 
absorption bands at specific wavenumbers enables the identification of specific 
functional groups present. For FTIR examination, since the charred cotton fabric samples 
were quite robust, the treated cotton fabric and its char were simply mounted flat on 
the diamond lens of the attenuated total reflection (ATR) adapter for the analyser.  
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3.4.5 Physical characteristics  
3.4.5.1 Stiffness testing 
Fabric stiffness is one of the key factors in the study of fabric handle. The Shirley stiffness 
tester is an instrument designed to measure the stiffness of fabric according to BS 3356, 
BS 9073:Part 7 and ASTM D1388. Rectangular fabric samples with dimensions of 25 x 
200 mm for at least three specimens were used for this test. The fabric sample should 
not have any folds or creases [11].  
The instrument consists of a smooth horizontal platform with a flat surface of polished 
metal, on which the fabric is laid and extended in the direction of its length. Index lines 
are engraved on the side of the instrument which is positioned at an angle of 41.5° below 
the horizontal platform surface. A mirror is placed to the one side of instrument to help 
the operator to see the bending fabric at all times. The slide is placed on the fabric and 
is adjusted to the zero of the scale on platform. Then, the slide is pushed forward and 
the fabric overhangs and bends under its own mass until the fabric is observed in the 
mirror between two lines. The bending length can be read off from a scale, which is 
engraved on the horizontal platform surface and is graduated in cm (see Figure 3.10). 
The test is repeated with the other face up and also with the fabric sample length 
reversed (both face up and face down). Consequently, for each sample four length 
results can be read off the scale. The average of the face up, face down, and from both 
ends of the three fabric samples in each direction is calculated (average of length results 
of weft direction and average of length results of wrap direction are reported separately) 
[11].  
Flexural rigidity (G in mg.cm) is calculated in the lengthways and widthways directions 
separately by the following formula:  
G= 0.10 × M × C3 
where M is the mass per unit area of the fabric (g/m2), and C is the average bending 
length for each direction (cm). 
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Figure 3.10: Fabric Shirley Stiffness Tester. 
 
3.4.5.2 Colour difference measurement 
Grey scales were used for evaluating the colour shading differences between uncoated 
and coated/treated samples. There are two types of Grey Scale, one is the Grey Scale 
for Colour Change and the other is the Grey Stain Scale for Staining, which is for 
assessing fabric discoloration or staining. Grey Scales register colour differences as 
grades 1-5 with increasing increments of half a grade (1, 1/2, 2, 2/3 and so on...) with 5 
being the lowest in terms of colour shade change or difference (Figure 3.11). They are 
manufactured strictly in accordance with ISO 105-AO2 and ISO 105-AO3 and the ones 
used were supplied by SDC Enterprises Limited.  
 
  
  
(a) (b) 
Figure 3.11:  (a) Grey Scale for Colour Change; (b) grey Scale for Staining. 
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3.4.6 Mechanical testing 
3.4.6.1 Tensile test 
The mechanical properties of treated woven fabrics after charring were mounted for 
tensile property determination using an Instron 3369 Universal tester in accordance 
with BS EN ISO 527 [12]. For each sample, specimen sizes of 150 × 25 mm were prepared, 
out of which 25 mm of the fabric was held in grip at each end and 100 mm was the gauge 
length. The thickness of the fabric was 0.5 mm.  Three replicates of each sample were 
tested. 
The tensile test was performed by using Instron tensile tester with a cross head speed 
of 1 mm min-1, 100 N load cell and 100 mm gauge length. During the test, the load and 
displacement of the tested specimen were recorded by using the built-in data 
acquisition software of the Instron 3369. This enabled a tensile load displacement curve 
to be plotted and analysed for calculation of the tensile strength of the specimen by 
using Equation below.  
Tensile	strength = Load	(Newtons)Cross	section	(square	millimeter) 
From the curve, the maximum load sustained prior to rupture was also noted for the 
tensile strength of the specimen. The reported values of tensile strength at break, 
extension at break and initial modulus are the respective average values taken from 
three tests. 
 
3.4.7 Semi durability or water-soak testing 
The British Standard method BS 5651:1989, for cleansing and wetting procedures for 
use in the assessment of the effect of cleansing and wetting on the flammability of 
textile fabrics and fabric assemblies was used to test the water-soak durability of treated 
fabric in this work [13]. Based on the standard, the fabric specimen is completely 
immersed in distilled water (liquor ratio of 1:20 fabric to water) in a flat-bottomed dish 
at an initial temperature of 40 ± 1 °C. After 30 min, the fabric sample is removed from 
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bath and rinsed in the distilled water using a liquor ratio of 1:20 for 2 min, and then dried 
[13]. For some samples, wash water was collected for phosphorus analysis (see Section 
3.4.3.1). 
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CHAPTER 4:  FLAME RETARDANT BACK-COATINGS FOR COTTON 
TEXTILES: CURRENT BROMINE-CONTAINING FORMULATIONS 
 
4.1 Introduction 
Since the 1980s back-coating techniques, based on organobromine/antimony (III) oxide 
formulations as a flame retardant application method, have been more commonly used 
where the flame retardant formulation is applied by using a binding resin to the reverse 
surface of the fabric [1 – 3]. The use of this method, particularly in the UK, has been 
developed due to the UK furnishing regulations [4] that require all domestic furnishing 
fabrics to survive a small ignition such as a cigarette and simulated match ignition source 
when tested over an unmodified and combustion-modified polyurethane foam [3, 4] 
(see Section 2.7).  
In this chapter, three different flame retardants for back-coating on 100% cotton fabrics 
have been studied. Initially, an assessment has been made of Sb-Br formulations based 
on decabromodiphenyl ether (DecaBDE), antimony (III) oxide (ATO) and an acrylic 
binding resin (Hycar T-91) back-coated onto a 100% cotton fabric (see Sections 2.6.1 and 
2.6.2). This enabled the creation of a “benchmarking” set of flammability results against 
which future novel treatments can be compared. Other brominated flame retardants 
(BrFRs) TexFRon 9020 and TexFRon P+, as alternatives to DecaBDE and marketed by ICL 
Ltd as alternative bromine-containing species for back-coating furnishing fabrics, were 
also investigated at this stage. Their burning behaviour was compared with that of back-
coated fabrics containing DecaBDE to complete a full database with which to compare 
the subsequent novel surface treatments to be applied to 100% cotton (see Chapters 7 
to 9). 
Furthermore, as an alternative environmentally benign synergist to replace antimony 
(III) oxide (ATO) in the back-coating formulation, zinc hydroxystannate and calcium 
stannate have been also studied in combination with these polymeric brominated flame 
retardants (see Section 2.6.4). 
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4.2 Flame retardant back-coated cotton fabric by using antimony (III) oxide (ATO) as a 
synergist 
The three different flame retardants supplied by ICL Ltd, namely decabromodiphenyl 
ether (DecaBDE) (FR 1210), TexFRon 9020, TexFRon P+ were studied using antimony (III) 
oxide (ATO) as synergist.  
 
4.2.1 Decabromodiphenyl ether  
4.2.1.1 Experimental 
A traditional Sb-Br back-coating formulation was prepared containing 
decabromodiphenyl ether (DecaBDE), antimony (III) oxide (ATO) and Hycar T-91 as resin 
(an acrylate copolymer) for application onto 100% cotton fabric. A number of back-
coated cotton fabrics were prepared comprising the resin:DecaBDE:ATO mass ratio of 
1:2:1 (equivalent to a DecaBDE:ATO, Br:Sb elemental molar ratio 3:1 and a total dry 
resin:[BrFR + ATO] ratio 1:3) at various increasing %add-on levels (Table 4.1). In this 
formulation, water present within the resin emulsion equalled approximately 25% of the 
total FR/resin wet formulation. Different selections of K bars hand (see Section 3.3.1) 
have been used to achieve the desire dried %add-on (a typical commercial coating level 
of dried add-on is 30%) on the cotton fabric. All samples in this chapter were made by 
using K-Hand Coater machine (see Section 3.3.1). 
 
4.2.1.2 Results and discussion 
The first sample with 30% add-on and 9.6% nominal bromine content based on the 
weight of fabric (WOF), which was an attempt to replicate a commercial coating level 
that will achieve a “pass” according to BS 5852: Source 1, was tested using the small-
scale simulation (SMT method, see Section 3.4.1.1) of this specified standard. After 
extinction of the igniting flame, the fabric continued to flame for more than 2 min, the 
whole sample burned completely with significant amounts of smoke and heat 
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generated, and a “fail” was recorded. Figure 4.1 shows a series of time-lapse images of 
the sample during the test. After removing the flame after a 20 s ignition time, Figure 
4.1 (c) shows the fabric continued to burn and the flame reached the foam in 10 s (Figure 
4.1 (d)) after which the fabric and foam burned completely in less than 2 min (Figure 4.1 
(e)). 
 
     
(a) (b) (c) (d) (e) 
Figure 4.1: Flammability test (SMT method) time-lapse images showing 30% add-on back-
coated cotton fabric (DecaBDE/ATO) (a) 2 s and (b) 10 s after the flame was applied for 20 s 
and then (c) 1 s, (d) 10 s and (e) 90 s after the flame was removed. 
 
Gradually the %add-on levels on the cotton fabric were increased in order to achieve a 
SMT method “pass” in terms of ≤ 120s afterflame and ≤ 10 min afterglow. Based on the 
viscosities of different pastes, K-bars of different numbers were used on the fabrics to 
finally achieve ~40% dry weight pick-up. The K-bar number 1 was selected as the best 
number to give the required dry weight pick-up (Table 4.1). Having achieved a higher 
add-on level, fabrics were produced up to a final add-on value of 80% in order to observe 
the burning behaviour as a function of increasing flame retardant concentration. The 
results are presented in Table 4.1.  
According to the Table 4.1, the back-coated cotton sample with 42% dry add-on passed 
the simulated match test by having 10 s afterflame and 180 s afterglow. However, the 
first sample which showed no measurable afterflame had 66% add-on, although the 
afterglow still remained at 117s. 
Figure 4.2 shows the images taken during the SMT for the first flame retardant back-
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coated cotton fabric sample (66% add-on) which not only passed the SMT (sample 
number 9 from Table 4.1) but also showed no afterflame. However, as shown in Figure 
4.2 after the flame was removed, while there is no afterflame on the fabric, still 
afterglow is present on the front face of fabric. Figures 4.2 (b)-(g) show the presence of 
afterglow which gradually extinguishes over time until 117 s (Figure 4.2 (h) when it is 
completely extinguished. 
 
Table 4.1: %Add-on and SMT observation of back-coated cotton fabric with DecaBDE/ATO 
formulation. 
Samples %Add-on Nominal Bromine 
Content (WOF) (%) 
SMT - afterflame 
time (s) 
SMT - afterglow 
time (s) 
1 30 9.6 Fully burnt Fully burnt 
2 42 12.3 10 140 
3 53 14.5 7 175  
4 54 14.5 5 163 
5 58 15.2 5 142  
6 61 15.7 4 156  
7 63 16.0 4 136  
8 64 16.2 1 134  
9 66 16. 3 0 117  
10 75 17.8 0 107  
11 80 18.6 0 56  
 
To assess the reproducibility of these results, five DecaBDE/ATO back-coated cotton 
fabrics with dry weight pick up between 64 and 70% were prepared and tested (Table 
4.2). It is clear from Table 4.2, that while all five samples passed the SMT requirements, 
the afterglow values were very reproducible covering a range of 115 – 125 s.  
Furthermore, the fabric damaged lengths and foam damaged depth (see Section 3.4.1.1) 
of each sample reported in Table 4.2 cover quite narrow ranges demonstrating the 
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overall reproducibility of the experiments is good and the variation is not significant.  
 
    
(a) (b) (c) (d) 
    
(e) (f) (g) (h) 
Figure 4.2: Flammability test (SMT) on 66% add-on back-coated cotton fabric (DecaBDE/ATO). 
Images taken (a) 15, (b) 30, (c) 45, (d) 60, (e) 75, (f) 90, (g) 105, and (h) 117 s after the flame 
was removed after a 20 s ignition period. 
 
Table 4.2: Reproducibility of SMT results for back-coated cotton fabrics with 66±1% 
DecaBDE/ATO add-ons. 
Sample 
No. 
%add-on Nominal Bromine 
Content (WOF) (%) 
Simulated match test (SMT) 
Afterflame time 
(s) 
Afterglow time 
(s) 
Fabric damage 
length (mm) 
Foam damage 
depth (mm) 
1 66 16.5 0 117 51 19 
2 66 16.5 0 115 55 18 
3 67 16.6 0 125 53 19 
4 68 16.7 0 118 66 13 
5 70 17 0 119 57 19 
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In addition to SMT assessment, LOI testing of a new set of four back-coated fabrics with 
DecaBDE/ATO formulation, back-coated samples alone with nominal %add-on values 
below and above the SMT “pass” line condition (i.e. add-ons between 43 and 83%) was 
undertaken and all the results are listed in Table 4.3. Figure 4.3 shows the fabric 
damaged length and foam damaged depth measurements for the samples from Table 
4.3. The 43% add-on treated fabric was totally burnt showing this level of add-on to be 
close to the pass/fail borderline given that the similar 42% add-on sample in Table 4.1 
passed. By increasing the add-on to 56, 66 and 83 %, the flame retardancy improved and 
afterflame from 5 s for 56% add-on fabric reduced to 0 s for 66 and 83% add-on fabrics. 
Similarity, the afterglow was extinguished after 160, 117 and 54 s for the samples with 
add-on of 56, 66 and 83 % respectively. Additionally fabric damage length and foam 
damage depth decreased to 30 and 7 mm respectively for 83% add-on back-coated 
fabric. 
 
Table 4.3: SMT and LOI results of back-coated cotton fabric with DecaBDE/ATO formulations. 
%add-on Nominal Bromine 
Content (WOF) 
(%) 
LOI  
Vol % 
Simulated match test (SMT) 
Afterflame 
time (s) 
Afterglow 
time (s) 
Fabric damage 
length (mm) 
Foam damage 
depth (mm) 
43 12.4 23.5 Whole sample 
burnt 
Whole sample 
burnt 
Whole sample 
burnt 
Whole sample 
burnt 
56 14.5 25.0 4 160 83 20 
66 16.5 24.8 0 117 56 17 
83 19 26.5 0 54 30 7 
 
According to the Table 4.3, by increasing nominal bromine content (WOF) from 12.4% 
to 14.5% (i.e. 43 and 56% add-on samples respectively), the LOI value increased from 
23.5% to 25.0%, but the LOI value dropped slightly to 24.8% for the sample with 66% 
add-on, then increased to 26.5% for the 83% add-on sample. It can be seen in Table 4.3 
and Figure 4.4 that a bromine content of 14.5% and 16.5% gives almost the same LOI 
value and so to increase LOI further, we would need to increase the bromine content to 
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more than 19%. Thus, it would seem that an SMT “pass” correlates with an LOI of 24.8 
vol %. 
 
 
Fabric damage 
    
 
Foam damage 
    
 (a) (b) (c) (d) 
Figure 4.3: Fabric damaged length and foam damaged depth after flammability testing to the 
SMT for (a) 43% add-on (b) 56% add-on (c) 66% add-on (d) 83% add-on DecaBDE/ATO back-
coated cotton fabrics. 
 
 
Figure 4.4: Effect of bromine content (WOF) on LOI values of DecaBDE/ATO. The horizontal 
line indicates the pass/fail boundary for the SMT test.  
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Finally, in order to observe the water-soak durability of a back-coated treated cotton 
fabric with DecaBDE/ATO formulation, half of the back-coated cotton fabric, sample 
number 8 from Table 4.1 (which is the first sample to yield a zero afterflame time with 
66% add-on) was tested. Sample number 8 was soaked for 30 min at 40 °C in distilled 
water and then rinsed with distilled water (see Section 3.4.7). The sample retained 99% 
of its original weight and so almost did not lose any coating from the fabric. 
Furthermore, it passed the SMT with a 0 s afterflame time and a 118 s afterglow time, 
which within error is the same as the respective 0 s afterflame and 117s afterglow values 
obtained before soaking in Table 4.3. 
 
4.2.2 TexFRon 9020 
It is claimed by the manufacturer that TexFRon 9020 is an alternative to 
decabromodiphenyl ether (DecaBDE) for use as a back-coating flame retardant in 
furnishing fabrics. The reported advantage of using TexFRon 9020 as flame retardant is 
the possible reduction by 30% in the amount of bromine required and 50% in the 
amount of ATO in the expected back-coating %add-on levels. For this reason, it was 
decided to compare the performance of this treatment with similar add-on values used 
for the back-coated fabrics containing DecaBDE.  
 
4.2.2.1 Experimental 
Back-coated cotton fabrics were treated with a resin (Hycar T-91):TexFRon 9020:ATO 
mass ratio of 1:2.3:0.7 (corresponding to a molar ratio Sb:Br = 1:3) with about 60% of 
the FR/resin wet formulation consisting of water. This increased water content arose 
because TexFRon 9020 is a water-based dispersion comprising 38 vol % water. Because 
of the associated low viscosity of the complete formulation, CELLOSIZET QP 100MH 
(supplied by the Dow Company) was added as a thickener (0.1-0.5%) to increase the 
viscosity of the paste sufficiently to enable a more convenient coating technique to 
occur.  
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In spite of the addition of the thickener, there remained considerable difficulty in 
achieving high percentage add-ons with a single K-bar coating application. Therefore, 
several back-coating applications were made under both as wet-on-wet and wet-on-dry 
conditions (see below) on 100% cotton to increase the dried pick-up levels in attempts 
to achieve a pass to the small-scale simulated match (SMT method) test. 
 
4.2.2.2 Results and discussions 
In order to compare the effect of such multilayer application, up to three applications of 
TexFRon 9020/ATO coating paste was applied in an attempt to achieve a maximum 
100% dry add-on level coating in two different ways. In the first experiment, a triple 
back-coating was applied on the fabric as a “wet-dry-wet-dry-wet-dry or W-D-W-D-W” 
sequence to yield a dry add-on of 89%. In the second experiment, a triple back-coating 
was applied as a “wet-wet-wet-dry or W-W-W-D” sequence from which a 72% dry add-
on level resulted. Although, a higher dry %add-on was reached by using the W-D-W-D-
W-D coating technique, the SMT results showed that even for this 89% dry add-on 
sample, the afterflame time was 1 s and afterglow time was 167 s compared with 0 s 
afterflame and 160 s afterglow for 72% dry add-on achieved by the W-W-W-D coating 
technique.  Thus in order to achieve a better flame retardant performance would be 
necessary using the wet-on-wet method. 
 
Table 4.4: %Add-on and SMT observations of back-coated cotton fabric with TexFRon 
9020/ATO formulation. 
Number of 
coating 
%Add-on Nominal Br content 
(WOF) (%) 
SMT - afterflame time 
(s) 
SMT - afterglow time 
(s) 
Single 33 7.4 6 264  
Double 54 10.4 2 226  
Triple 64 11.6 0 208  
Quadruple 80 13.2 0 175  
Quintuple 107 15.3 0 140  
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Consequently, between two to five coatings (wet on wet) were then applied onto cotton 
fabric samples to increase the %add-ons (see Table 4.4). By increasing the number of 
coatings from one to five, the percentage add-ons increased from 33, to 107%. The 
results clearly show that increasing the %add-on decreases both the afterflame and 
afterglow time, and the 33% add-on level gives a “pass” according to the SMT test. 
However, even for 107% add-on, afterglow remains high at 140 s, because of the small 
parts of afterglow remaining across the fabric thereby. Thus full extinction of both 
afterflame and afterglow was not achieved although all samples passed the SMT 
simulated BS 5852 Source 1 pass criteria. It was considered that 107 %add-on level, 
however, was a sensible maximum for application to the cotton and while afterglow was 
still present (140 s), it was decided to assume that this behaviour is similar to the 66% 
add-on back-coated treated fabric with DecaBDE/ATO formulation, which showed an 
afterglow time of 117s.  
In addition to SMT assessment, limiting oxygen index (LOI) values of four new set of 
back-coated fabrics with nominally increasing bromine percentages were measured and 
these are reported in Table 4.5 and plotted in Figure 4.5. By increasing %add-on on the 
cotton fabric from 40 to 107% and with the associated increasing bromine content, the 
LOI value increased from 24.5 to 31.7 vol % respectively. However, even the presence 
of bromine at about the 15% level does not extinguish the lingering afterglow in spite of 
the high LOI value. 
 
Table 4.5: SMT and LOI tests results of back-coated cotton fabric with TexFRon 9020/ATO 
formulation. 
%Add-on Nominal Bromine 
Content (WOF) (%) 
SMT - afterflame 
time (s) 
SMT - afterglow time 
(s) 
LOI vol % 
40 8.1 5 254 24.5 
80 13.1 0 175 27 
90 13.9 0 165 30.1 
107 15.3 0 140 31.7 
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Figure 4.5: Effect of bromine content (WOF) on LOI values of TexFRon 9020/ATO back-coated 
cotton fabrics. The horizontal line indicates the LOI at which the lowest afterglow time (140s) is 
observed. 
 
4.2.3 TexFRon P+ 
TexFRon P+ is another alternative product to decabromodiphenyl ether (DecaBDE) for 
use as a back-coating flame retardant in furnishing fabrics according to the 
manufacturer (ICL Ltd.) The reported advantage of using this flame retardant is that 
there was no need to use an additional resin because it is already contained within the 
formulation. Furthermore, using TexFROn P+ as flame retardant reduces the amount of 
bromine required and ATO in the expected back-coated %add-on levels. The “P+” stands 
for the addition of an anti-afterglow additive.  
 
4.2.3.1 Experimental  
Back-coated cotton fabrics were treated with a TexFRon P+:ATO mass ratio of 8:1 
(corresponding to a molar ratio Sb:Br = 1:3) with about 45% of the FR/resin wet 
formulation comprising water. Here again, a water-based dispersion comprising 50% 
water in TexFROn P+ reduced the viscosity of the overall formulation. CELLOSIZET QP 
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100MH (supplied by the Dow Company) was added as a thickener to increase the 
viscosity of the paste. 
The first experimental samples started with a single coating and 28% add-on was 
achieved. As a consequence, the number of coatings (wet-on-wet) was increased from 
one to five and add-on values increased as follows: 28% for single, 39% for double, 47% 
for triple, 56% for quadruple and finally 64% for quintuple coatings (see Table 4.6). Based 
on the burning behaviour of these a second set of fabrics having %add-ons in the range 
40-62% were prepared. 
 
4.2.3.2 Results and discussions 
When the first set of samples was assessed (from Table 4.6) by the SMT method, the 
first sample that passed the test had 56% add-on applied by quadruple wet-on-wet 
coating cycles. The nominal Br content percentage of this first sample, which passed the 
SMT, is 10.2%.  
 
Table 4.6: %Add-on and SMT observations of back-coated cotton fabric with TexFRon P+/ATO 
formulation. 
Number of 
coating 
%Add-on Nominal Br content 
(WOF) (%) 
SMT – afterflame time 
(s) 
SMT – afterglow time 
(s) 
Single 28 6.2 Fully burned Fully burned 
Double 39 8 Fully burned Fully burned 
Triple 47 9 173 No after glow 
Quadruple 56 10.2 63  No after glow 
Quintuple 64 11 19  No after glow 
 
The second set of samples, which represented %add-on levels above and below the SMT 
pass/fail boundary was tested also for limiting oxygen index (LOI) values and all results 
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can be seen in Table 4.7 and Figure 4.6. By increasing %add-on from 40 to 65% which 
corresponds to a nominal bromine content (WOF) range of 8 – 11%, the LOI value 
increased from 24.1 to 25.2 vol % with an SMT “pass” condition correlating with an LOI 
of 24.9 vol %. 
 
Table 4.7: LOI results of back-coated cotton fabric with TexFRon P+/ATO formulation. 
%Add-on Nominal Bromine Content 
(WOF) (%) 
SMT – afterflame 
time (s) 
SMT – afterglow time 
(s) 
LOI vol % 
40 8 Fully burnt Fully burnt 24.1 
47 9 173 No after glow 24.4 
56 10.2 63 No after glow 24.9 
62 11 24 No after glow 25.2 
	
 
Figure 4.6: Effect of Bromine content (WOF) on LOI values of TexFRon P+/ATO. The horizontal 
line relates to the SMT “pass” condition. 
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4.2.4 Comparison of decabromodiphenyl ether, TexFRon 9020, and TexFRon P+ flame 
retardant behaviour when using antimony (III) oxide as a synergist 
4.2.4.1 SMT flammability test  
Table 4.8 shows the dry %add-on levels of back-coatings, which passed  the simulated 
test with no afterflame and afterglow less than 2 min (or in the case of TexFRon 9020, 
almost passed), for the three flame retardants (decabromodiphenyl ether, TexFRon 
9020, and TexFRon P+) on the 100% cotton fabric. Inspection of the damage, both to the 
ignited fabric surface and the underlying foam at the “pass” condition for each of the 
three formulations sheds further light on their respective barrier efficiencies. Figure 4.7 
shows an image of and Table 4.8 quantifies the respective fabric damaged lengths and 
foam damaged depths (see Section 3.4.1.1) after simulated BS 5852 testing for each of 
the three back-coated flame retardant samples. The effect of the bromine content on 
the LOI values of the DecaBDE/ATO, TexFRon 9020/ATO, and TexFRon P+/ATO series of 
results are represented together in Figure 4.7. 
 
Table 4.8: The LOI results and fabric and foam damaged of back-coated fabrics with different 
flame retardants formulations after SMT. 
Flame 
retardant 
%Add-on Nominal bromine 
content (WOF) (%) 
LOI vol % Simulated match test (SMT) 
Fabric damage 
length (mm) 
Foam damage 
depth (mm) 
DecaBDE 66 16.3 24.8 55 17 
TexFRon 9020 107 15.3 30.7 50 13 
TexFRon P+ 56 10.2 24.9 195 20 
 
According to Figure 4.8, the LOI values for DecaBDE and TexFRon P+ for SMT “passes” 
are almost the same (~25 vol %).  The TexFRon 9020 SMT “pass” condition corresponds 
to a higher LOI value (~31 vol %) in comparison with the two other flame retardants. 
Although for the same add-on (~40%), while the LOI% values for all three flame 
retardants series are almost the same, respective bromine levels vary considerably. As 
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shown to Table 4.8 and Figure 4.8, TexFRon P+ requires a lower %add-on and bromine 
content to pass the SMT (10.2% Br) when compared to TexFRon 9020 and DecaBDE (with 
bromine contents of 15.3% and 16.3 % respectively). Based on the results in this part, 
therefore, it can be concluded that using TexFRon P+ reduces the bromine content 
required by more than 35% in the formulation to obtain a pass in the simulated BS 5852 
test and all samples tested showed no afterglow. On the other hand, the results in Figure 
4.7 show that the fabric damaged length and foam damaged depth for DecaBDE and 
TexFRon 9020 samples are considerably less in comparison to TexFRon P+. Thus, it might 
be suggested that while the higher bromine levels offer greater flame retardancy levels 
to both fabric and foam in terms of reduced damage levels, the presence of anti-
smouldering in the TexFRon P+ product achieves a pass at lower bromine levels because 
of the effect of the latter in reducing afterglow times to zero.  
The thermal analytical characteristics of all three back-coating formulations will be 
discussed in the Chapter five in order to better understand these differences.  
 
 
 
Fabric damage 
   
 
 
Foam damage 
   
 (a) (b) (c) 
Figure 4.7: Fabric and PU foam damage after SMT; (a) DecaBDE, (b) TexFRon 9020, (c) TexFRon 
P+. 
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Figure 4.8: Effect of bromine content (WOF) on LOI values of DecaBDE/ATO, TexFRon 
9020/ATO, and TexFRon P+/ATO series. The horizontal line relates to the SMT “pass” condition. 
 
4.3 Flame retardant back-coated cotton fabric using various stannates as potential 
synergists 
Zinc hydroxystannate is a well-known synergist and smoke suppressant with brominated 
retardants in a number of polymers; although its greater expense relative to ATO has 
restricted its commercial popularity. However, its possible function with halogenated 
flame retardant in the back-coating fabrics is not well documented and in this project, a 
study of the possible replacement of antimony (III) oxide with zinc hydroxystannate has 
begun based on previous work carried out at Bolton [5, 6].  
 
4.3.1 Experiment 
The Sn-Br formulation based on decabromodiphenyl ether, zinc hydroxystannate and 
acrylic resin with a molar ratio of Br:Sn = 3:1 equivalent to an approximate mass ratio of 
DecaBDE:ZHS = 50:50 was initially prepared and applied as a back-coating at 80% add-
on. As a consequence of not passing the SMT with molar ratio of Br:Sn = 3:1, the molar 
ratio of DecaBDE:ZHS was increased to 4:1 (≡ mass ratio of resin:DecaBDE:ZHS = 
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25:43:32) (Table 4.9). The water present in the resin emulsion equalled about 25% of 
the FR/resin wet formulation in total.  
 
4.3.2 Results and discussions 
Two back-coated fabrics with 72 and 88% add-ons were applied and assessed by the 
SMT method. All the samples burnt quickly with large amounts of smoke. These results 
were compared with the DecaBDE/antimony (III) oxide formulation, which passed the 
SMT at 66% add-on. The large smoke production was surprising because ZHS is often 
used as a smoke suppressant [5]. 
TexFRon P+/ZHS with mass ratio of 8:1 (with respect to TexFRon P+ back-coating 
formulation with antimony (III) oxide recommended by ICL) and 43% of the FR/resin wet 
formulation, was back-coated on to the cotton fabric. The sample with 50% add-on has 
been tested using the SMT and again the sample burnt quickly with large amounts of 
smoke. 
A second stannate, calcium stannate, supplied by William Blythe Ltd. was applied with 
the same Br:Sn molar ratio of 4:1 (dry mass ratio of resin:DecaBDE:CaS = 25:44:31) to 
100% cotton fabric and tested by the SMT method (add-on ~100%). Similar to zinc 
hydroxystannate, this calcium stannate sample did not enable the back-coated cotton 
fabric to pass the SMT and the sample burnt quickly with large amounts of smoke. Table 
4.9 summarises the SMT results of samples comprising the two stannates as potential 
synergists in the back-coating formulation. 
Table 4.9: The results of stannate as synergist on cotton back-coated fabrics. 
Flame 
retardant 
synergist Mass ratio of 
FR:synergist 
%Add-on SMT – afterflame time (s) 
DecaBDE zinc hydroxystannate DecaBDE:ZHS = 1:1 80 burnt quickly 
DecaBDE zinc hydroxystannate DecaBDE:ZHS = 1.34:1 88 burnt quickly 
TexFRon P+ zinc hydroxystannate TexFRon P+/ZHS = 8:1 50 burnt quickly 
DecaBDE calcium stannate DecaBDE:CaS = 1.4:1 100 burnt quickly 
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4.4 Conclusion  
By using TexFRon P+, 35% less bromine content is required in the back-coating 
formulation to obtain a pass in the simulated BS 5852 test (SMT) for cotton fabric 
compared with a conventional DecaBDE/ATO-containing back-coating. However, the 
fabric damage length and foam damage depth were higher than values achieved with 
DecaBDE/ATO and TexFRon 9020/ATO coated samples. This suggests that while bromine 
content can be reduced in the back-coating formulations, it will remain a challenge to 
completely remove it in order to pass UK domestic furnishing flammability 
requirements. 
Surprisingly, replacing antimony (III) oxide by zinc hydroxystannate or calcium stannate 
as a synergist with DecBDE suggests that lower overall flame retardancy occurs, 
although it is known that stannates are quite specific in terms of reacting synergistically 
with bromine-containing flame retardants. According to Horrocks et al [7, 9], these 
synergists act by enhancing the effectiveness of the halogenated and, principally 
brominated retardant (Br-FR), present.   
The mechanism of action of the selected samples from this chapter will be discussed in 
the chapter 5. 
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CHAPTER 5:  CHARACTERISATION OF BACK-COATED COTTON FABRICS 
 
5.1 Introduction 
In chapter four, three different flame retardants (decabromodiphenyl ether, TexFRon 
9020 and TexFRon P+) for back-coating on 100% cotton fabrics have been studied. 
According to the results, by using TexFRon P+/ATO, 35% less bromine content is required 
in the back-coating formulation to obtain a pass in the simulated BS 5852 test (SMT) for 
cotton fabric than for a conventional DecaBDE/ATO- containing back-coating. However, 
the fabric damage length and foam damage depth is higher than that achieved with 
DecaBDE/ATO and TexFRon 9020/ATO coated samples.  
Furthermore, as an alternative environmentally benign synergist to replace antimony 
(III) oxide (ATO) in the back-coating formulation, zinc hydroxystannate and calcium 
stannate have been also studied in combination with these brominated flame 
retardants. It was concluded that by using different bromine-containing flame 
retardants with either zinc hydroxystannate or calcium stannate as an alternative 
synergist and different formulations for back-coating on cotton fabric, their 
performance appeared to be considerably inferior to antimony (III) oxide.  
In this chapter, the burning mechanism of back-coated cotton fabric with different flame 
retardants and synergists will be discussed. The thermal stability of the untreated and 
back-coated cotton fabrics were evaluated by thermogravimetric (TG) analysis and are 
discussed in this chapter (see Section 3.4.2). Furthermore, cone calorimetry (Fire Testing 
Technology, FTT) was employed to investigate the combustion behaviour of back-coated 
samples tested alone and over unmodified and combustion modified PU foams (see 
Section 3.4.1.4).  
The surface morphologies of the treated samples also are investigated to study the 
penetration of the applied flame retardant on fabric back side surface (see Section 
3.4.4.1).  
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Finally,  a measure of the “handle” performance of back-coated treated sample has been 
evaluated using the ‘Shirley’ stiffness tester to measure the stiffness and drape of the 
final back-coated fabric samples (see Section 3.4.5.1) and grey scales were used to 
observe the shade differences between the untreated and treated cotton fabrics (see 
Section 3.4.5.2). 
 
5.2 Thermal stability  
The thermal stability of the selected formulations studied have been investigated by 
thermogravimetric analysis (see Section 3.4.2). In this part, the TGA testing was 
undertaken for the DecaBDE/ATO and TexFRon P+/ATO back-coated cotton fabrics for 
the samples with lowest %add-ons which passed the simulated match test (66% add-on 
for DecaBDE/ATO and 56% add-on for TexFRon P+/ATO). Both fabrics passed with the 
criteria that no afterflame and afterglow more than 2 minutes. Initially, the thermal 
stability of the untreated cotton fabric was assessed under flowing air and nitrogen. The 
sample weights of about 10 mg were used.  
 
5.2.1 Untreated cotton fabric 
The TGA response for untreated cotton fabric under air is shown in Figure 5.1 (a). An 
unexpected mass-temperature discontinuity effect at about 460 °C for untreated cotton 
fabrics was noted. Figure 5.1 (b) is a more detailed view of the mass-temperature 
discontinuity present at about 460 °C in Figure 5.1 (a) and this was subsequently 
identified as a self-ignition point at about 460 °C. The peak temperature difference (the 
red curve from Figure 5.1 (b)) shows a sudden increase in the temperature at about 460 
°C, the first of which is considered to be a consequence of rapid, exothermic cotton 
combustion and then (after the rapid combustion is complete) the temperature 
response returns back to the normal programmed temperature. This effect would 
explain the apparent loop in the temperature difference peak in Figure 5.1 (b). 
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To study this unexpected mass-temperature deviation, thermal analytical responses 
under air for high purity cellulose as a filter paper were determined and presented in 
Figure 5.2. A similar temperature deviation is observed for filter cellulose paper at a 
higher temperature, around 500 °C. 
 
 
(a) 
 
(b) 
Figure 5.1: (a) TGA and (b) TGA-DTA degradation curve of untreated cotton fabric under 
flowing air. 
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Figure 5.2: TGA-DTA degradation curve of cellulose filter paper. 
 
Furthermore, the TGA under nitrogen for the untreated cotton sample was undertaken 
and compared with the TGA under air (Figure 5.3).  Under nitrogen, the untreated cotton 
fabric had fully degraded by 400 °C in one stage with an endothermic DTA peak at 367 
°C (Figure 5.3 (a)), leaving a char residue which slowly reduces above this former 
temperature with some remaining until 700 °C. Under air, however, the untreated 
cotton fabric has completely degraded by the second stage of mass loss, leaving no 
residue with two exothermic peaks at 338 and 463 °C as noted previously in Figure 5.1 
(a). Since the mass-temperature deviation seen for TGA responses under air (Figure 5.1 
(a)), has not appeared for TGA responses under nitrogen (Figure 5.3), this, therefore, 
demonstrates that it is the oxidation and probable combustion of cellulose that is the 
cause of this deviation. 
Since cotton sample weights of about 10 mg were used for the above TGA tests, it was 
proposed to reduce the possibility of ignition of the cotton fabric if a lower mass of cotton 
was used and the TGA response under air for a sample of 2.3 mg is shown in Figure 5.4. 
It is clear from Figure 5.4 that the unexpected mass-temperature discontinuity in the 450 
– 500 °C region has now disappeared.  
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Figure 5.3: TGA-DTA degradation curve of untreated cotton fabric under flowing nitrogen. 
 
 
Figure 5.4: TGA degradation curve of untreated cotton fabric (weight of 2.3 mg) under flowing 
air. 
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5.2.2 DecaBDE/ATO formulation back-coated cotton fabric 
5.2.2.1 TGA investigation of different back-coated sample cotton fabric geometries 
In this section, to simulate a more realistic fire scenario in the TGA similar to the 
simulated match test (SMT), three different ways of placing the samples (~10 mg in 
weight) in the open platinum pans have been studied for back-coated cotton fabric with 
the DecaBDE/ATO formulation.  
For the first sample, the coated side is located in contact with the platinum pan with the 
untreated fabric side facing upwards (Figure 5.5 (a)). The second sample was located in 
the opposite position to the first one, namely the coated side faced upwards and the 
untreated side was in contact with pan (Figure 5.5 (b)). Finally, two pieces of coated 
fabric were examined together such that the coated sides were placed against each 
other in the middle with the lower untreated side in contact with the pan and the other 
untreated side facing upwards (Figure 5.6 (c)). 
 
 
                      (a)                                                           (b)                                                      (c) 
Figure 5.5: Different placing of back-coated cotton fabrics in the TGA equipment platinum pan; 
(a) fabric side face outside, (b) coated side face outside, and (c) two layers of fabric bounded 
by coated sides. 
 
Thermal analytical responses under air for each method in Figure 5.5 were undertaken 
and shown in Figure 5.6. The TGA data of all sample orientations from Figure 5.6 are 
reported in Table 5.1 for the 66 % add-on DecaBDE/ATO formulation back-coated cotton 
fabric. 
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As it can be seen in Figure 5.6, the unexpected, now explained mass-temperature 
discontinuity can be seen for every sample. According to Table 5.1 and Figure 5.6, for 
the back-coated sample (sample (b) in Figure 5.5), with the coated side facing upwards 
(red curve), an earlier decomposition has occurred compared with the untreated cotton 
sample probably because the flame retardant coating was able to volatilise quickly and 
at the same time the underlying cellulose in the fabric volatilised and ignited 
independently of the coating. However, for the sample arranged as in Figure 5.5 (a), the 
decomposition occurred less rapidly above 300 °C with a second rapid mass loss at 
around 460 °C (blue curve). This suggests that the flame retardant now can diffuse 
upwards into the cotton and promote char as shown by the greater mass residue at 
about 400 °C (see Table 5.1) [1]. Above 460 °C, the residue is similar to that for the 
previous sample. Because it is evident that the FR back-coating is interacting with the 
cotton and forming char as expected, it may be concluded that placing of back-coated 
fabric according to the sample in Figure 5.5 (a) is considered a better way of simulating 
the sample testing geometry in the SMT. All subsequent TGA experiments on back-
coated fabrics were undertaken using the geometry in Figure 5.5(a). 
 
Table 5.1: TGA data under air of back-coated cotton fabric (DecaBDE/ATO formulation) with 
different placing position of the fabric samples in the TGA equipment platinum pan. 
Samples T
onset 
(5% weight loss) 
 
T
a
max1
, (°C) T
a
max2
, (°C) 
Residue at  
290 °C, (%) 400 °C, (%) 550 °C, (%) 
C-untreated 252 338 463 91 20 1 
Fabric side face pan 290 325 463 95 28 5 
Coated side face pan 287 324 354 94 8 0 
Coated in the middle 289 322 439 95 14 2 
a exothermic peak 
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Figure 5.6: Thermal analytical responses under air for untreated and 66% add-on 
DecaBDE/ATO formulation back-coated cotton fabrics in different geometries in the TGA 
platinum pan. 
 
5.2.2.2 The TGA of the DecaBDE/ATO formulation 
To observe possible component interactions, the back-coated cotton treated with 
resin/DecaBDE/ATO formulation (66% add-on, the lowest %add-ons which passed the 
SMT), were used for thermogravimetric analysis. In addition, the resin/DecaBDE/ATO 
formulation solution in absence of any fabric present was dried at 120 °C for 5 minutes 
and cured at 160 °C for 3 minutes and residues collected for subsequent thermal 
analysis.  
The TGA responses under air for untreated (blue dashed curve from Figure 5.7 (a)), back-
coated treated cotton fabric with resin/DecaBDE/ATO formulation (green curve from 
Figure 5.7 (a)), and the dried paste of resin/DecaBDE/ATO (red curve from Figure 5.7 (a)) 
were undertaken. The “calculated” curve (orange curve from Figure 5.7 (a)) is a weighted 
average of 0.6 (cotton mass at each temperature) + 0.4 (resin/DecaBDE/ATO dried 
%add-on on cotton at each temperature) thus representing a fabric coated with 66% 
add-on. 
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(a) 
 
(b) 
Figure 5.7: Thermal stability responses for resin/DecaBDE/ATO back-coating formulation at 
66% add-on on cotton fabric; (a) TGA responses in flowing air, (b) Mass differential curves 
expressed as [Mass (experimental) - Mass (calculated)] vs temperature from respective TGA 
actual and calculated data in (a) above. 
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The calculated (as the weighted average mass loss for 66% residue add-on at each 
temperature) curve mass values was effectively subtracted from the  experimental (real) 
mass values at each temperature to give the mass differential curves shown in Figures 
5.7 (b) (as explained in Section 4.2.5.2) [2]. Figure 5.7 (b) shows the differential (actual-
calculated) results are negative between 300 and 350 °C because there is reduced 
volatilisation over this region, whereas in the 400 - 460 °C region, there is a low 
additional residue (~3% char) neglecting the mass-temperature excursion as a 
consequence of cotton combustion at about 460 °C. Therefore, the interaction between 
the cotton and the formulation is such as to promote less than expected volatilisation 
over 300 - 350 °C region associated with the maximum rate of cellulose decomposition 
accompanied by a small amount of additional char formation observed above this 
temperature range. 
 
5.2.3 TexFRon P+/ATO formulation back-coated cotton fabric 
Similarly, the thermal stability of the TexFRon P+/ATO back-coated cotton fabric under 
air (the samples with the lowest %add-ons to pass the simulated match test (56 w/w% 
add-on)) was investigated by TGA (Figure 5.8 (a)). The “calculated” curve (orange curve 
from Figure 5.8 (a)) has a weighted average of 0.64 (cotton mass at each temperature) 
+ 0.36 (TexFRon P+/ATO dried %add-on on cotton at each temperature) equivalent to a 
fabric coated with 56 w/w% add-on which when subtracted from the experimental 
TexFRon P+/ATO curve yields the mass differential plot in Figure 5.8 (b). Here again, the 
calculated curve is above the experimental and interaction has reduced the expected 
volatilisation of cotton from 250 to 350 °C and again, above 350 °C, a very a slight 
increase in the thermally stable carbonaceous residue (~ 5%) is formed up to about 500 
°C which comprises two sudden increases at 350 and 460 °C (see Figure 5.8 (b)) which 
latter refers to the mass-temperature excursion as a consequence of cotton combustion. 
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(a) 
 
(b) 
Figure 5.8: Thermal stability responses for the TexFRon P+/ATO back-coating formulation at 56 
w/w% add-on on cotton fabric. (a) TGA responses in flowing air, (b) Mass differential curves 
expressed as [Mass (experimental)-Mass (calculated)] vs temperature from respective TGA 
actual and calculated data in (a) above. 
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5.2.4 Thermal analytical comparison of DecaBDE/ATO and TexFRon P+/ATO 
formulations 
TGA-DTA under air for TexFRon P+/ATO dried paste was undertaken and discussed in 
Section 5.2.3 compared with the TGA DecaBDE/ATO response for dried paste which 
discussed in section 5.2.2.2 (Figure 5.9). It may be seen that the TexFRon P+/ATO dried 
paste degrades with two exothermic peaks at 346 and 544 °C from TGA-DTA data (green 
curve from Figure 5.9), leaving a higher amount of residue which remains until 700 °C. 
DecaBDE/ATO dried paste (red curve from Figure 5.9), however, has completely 
degraded by the second stage of mass loss, leaving no residue above 600 °C with two 
exothermic peaks at 352 and 477 °C from DTG data which the exothermic peaks for 
DecaBDE/ATO sample is more intense than the exothermic peaks TexFRon P+/ATO 
sample. 
 
 
Figure 5.9: TGA-DTA under air degradation profiles for back-coating dried paste DecaBDE/ATO 
(red) and TexFRon P+/ATO (green). 
 
The unexpected mass-temperature deviation at 460 °C, which can be seen for TGA 
responses under air for DecaBDE/ATO back-coating formulation alone (red curve in 
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Figure 5.9) does not appear for the TexFRon P+/ATO dried paste (green curve in Figure 
5.9) suggesting that the resin present has not ignited. The existence of a probable anti-
smouldering in the TexFRon P+, might be the reason for this or, alternatively, the resin 
is inherently flame retardant. It is interesting to note that the mass-temperature 
discontinuity at about 460 °C is the same for pure cotton, back-coated cotton samples 
and the DecaBDE/ATO paste only, in which the resin is the only flammable component. 
This observation without further experimentation is difficult to explain. 
 
5.3 Fire Testing of back-coated cotton fabric 
To investigate the combustion behaviour of back-coated cotton fabric, cone calorimetry 
(Fire Testing Technology, FTT) was undertaken at 35 kW/m2 heat flux on the selected 
back-coated cotton formulations. The three selected back-coated formulations were 
DecaBDE/ATO, TexFRon P+/ATO and DecaBDE/ZHS. 
Three sets of back-coated fabrics at different %add-on levels were prepared. The first 
set comprised fabrics having an %add-on which passed the simulated match test (SMT) 
(for DecaBDE/ATO formulation the add-on is 66%, for TexFRon P+/ATO formulation the 
add-on is 56% and for the DecaBDE/ZHS formulation was also 66%, although this did not 
achieve an SMT “pass”). The second set comprised fabrics having %add-ons higher than 
those in the first set (around 10% higher) and the third set had lower add-ons than the 
respective first set levels (around 10% lower). The prepared fabric sets for cone testing 
are listed in Table 5.2 together with respective foam/single fabric layer combinations. 
Cone calorimetric experiments were undertaken on each of these samples including 
unmodified polyurethane foam and FR combustion modified polyurethane (CMHR) 
foam alone. For each sample, the cone experiments were carried three times to assess 
their reproducibility. All fabrics for this section have been back-coated by using an 
automated form of K-bar coating (see Section 3.3.1). 
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Table 5.2: Identification of each samples for cone calorimetry test. 
 %add-ons 
46 56 66 76 
De
ca
BD
E/
AT
O Fabric INDa --- --- DecaBDE/ATO-F-66 --- 
PU 
Foam 
UNb --- DecaBDE/ATO-PU-56 DecaBDE/ATO-PU-66 DecaBDE/ATO-PU-76 
CMHRc --- DecaBDE/ATO-MPU-56 DecaBDE/ATO-MPU-66 DecaBDE/ATO-MPU-76 
Te
xF
Ro
n 
P+
/A
TO
 
Fabric IND --- TexFRon P+/ATO-F-56 --- --- 
PU 
Foam 
UN TexFRon P+/ATO-PU-46 TexFRon P+/ATO-PU-56 TexFRon P+/ATO-PU-66 --- 
CMHR TexFRon P+/ATO-MPU-46 TexFRon P+/ATO-MPU-56 TexFRon P+/ATO-MPU-66 --- 
De
ca
BD
E/
ZH
S Fabric IND --- --- DecaBDE/ZHS-F-66 --- 
PU 
Foam 
UN --- DecaBDE/ZHS-PU-56 DecaBDE/ZHS-PU-66 DecaBDE/ZHS-PU-76 
CMHR --- DecaBDE/ZHS-MPU-56 DecaBDE/ZHS-MPU-66 DecaBDE/ZHS-MPU-76 
a Individual     b Unmodified foam   c Combustion modified (CMHR) foam 
 
5.3.1 Decabromodiphenyl ether/ATO formulation 
The cone calorimetric combustion data for untreated cotton fabric, DecaBDE/ATO back-
coated treated cotton fabric as plain fabric (F) alone, and over unmodified polyurethane 
(PU) and FR combustion modified polyurethane (MPU) foams, are listed in Table 5.3. 
The average error value is about 8%. Furthermore, Figures 5.10 to 5.12 plot the heat 
release rate (HRR), rate of smoke release (RSR) and mass loss curves of untreated fabric 
and all of the fabrics were subjected to the DecaBDE/ATO back-coated treatment. Figure 
5. 13 shows the respective sample residues after the test. 
 
5.3.1.1 Samples only as plain fabric results 
Figure 5.10 shows heat release rate (HRR), rate of smoke release and mass loss curves 
of untreated cotton fabric tested as fabric only (C-F), and back-coated cotton fabric 
(DecaBDE/ATO) with 66% add-on as fabric only (DecaBDE/ATO-F-66).  
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Table 5.3: Collected cone calorimetric data of DecaBDE/ATO back-coated treated cotton 
fabrics. 
 TTI (s) FO (s) pkHRR 
(kW/m2) 
THR 
(MJ/m2) 
TSR 
(m2/m2) 
Residue 
(%) 
COY 
(kg/kg) 
CO2Y 
(kg/kg) 
On
ly
 fa
br
ic C-Fa 16 36 150 4 5 0.4 0.001 0.16 
DecaBDE/ATO-F-66b 16 35 154 5 38 3 0.168 0.33 
Ov
er
 P
U 
fo
am
 
Foam-PUc 3 45 438 12 14 16 0.0004 1.78 
C-PU 15 106 360 19 32 5 0.127 2.68 
DecaBDE/ATO-PU-56 15 78 300 15 166 7 0.025 0.70 
DecaBDE/ATO-PU-66 15 91 293 16 132 8 0.029 0.62 
DecaBDE/ATO-PU-76 14 91 268 15 166 9 0.032 0.64 
Ov
er
 M
PU
 fo
am
 
Foam-MPUd 6 77 359 12 24 15 0.0014 5.81 
C-MPU 13 81 340 18 42 16 0.430 10.1 
DecaBDE/ATO-MPU-56 16 115 261 17 127 7 0.089 2.85 
DecaBDE/ATO-MPU-66 16 113 248 16 122 6 0.032 0.73 
DecaBDE/ATO-MPU-76 25 100 239 15 272 5 0.051 1.21 
Key: TTI = time-to-ignition, FO = flameout time, pkHRR = peak heat release rate, THR = total heat release, TSR = total 
smoke, COY = total CO, CO2Y = total CO2 level.  
Notes: a only on plain fabric. b the number stands for back-coated add-on%. c over unmodified polyurethane foam. d 
over combustion-modified polyurethane foam. 
 
From Figure 5.10 (a) and Table 5.3, untreated cotton fabric samples (C-F) and back-
coated sample (DecaBDE/ATO-F-66) have only one heat rate release peak which it refers 
to the fabric ignition and for both samples respective HRR responses are similar with 
pkHRR values almost the same (around 150 kW/m2). However, the first pkHRR for 
DecaBDE/ATO-F-66 sample is slightly delayed compared with C-F sample reflecting the 
presence of flame retardant back-coating which delays the ignition of the fabric.  
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(a) 
 
(b) 
 
(c) 
Figure 5.10: Cone calorimetry results for untreated (C-F) and DecaBDE/ATO back-coated 
(DecaBDE/ATO-F-66) cotton fabric samples tested only as fabric, (a) HRR, (b) RSR, and (c) mass 
loss (%) versus time responses. 
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According to Table 5.3, C-F and DecaBDE/ATO-F-66 samples burned with the same time 
to ignition (TTI (s)) and flame out time (FO (s)). However, total smoke release (TSR) 
represents a measure of the amount of generated smoke in a full-scale fire, which often 
demonstrates the presence of incomplete combustion [3, 4]. The C-F sample has 
significantly lower total smoke release (TSR) and releases less CO and CO2 if compared 
with the DecaBDE/ATO-F-66 sample, in which the majority of smoke release comes from 
the halogenated back-coating. This is evident from the incomplete combustion for back-
coated sample in Figure 5.13 (a) and also higher residue in Table 5.3 (3% residue for the 
DecaBDE/ATO-F-66 sample and 0.4% for the C-F sample). 
 
5.3.1.2 Samples over PU foam results 
Figure 5.11 shows HRR, RSR and mass loss curves of untreated cotton fabric and back-
coated (DecaBDE/ATO) cotton fabric in three different add-ons over unmodified PU 
foam. Unmodified polyurethane foam (PU) as a plain foam was also tested by cone 
calorimetry and the results are listed in Table 5.3 and Figure 5.11 as (Foam-PU). 
From Figure 5.11, the Foam-PU HRR curve shows a single intense peak with a very short 
ignition time of 3s. All fabric/ PU foam composite samples, however, show two peaks of 
heat rate release of which the first one most likely refers to the ignition of the fabric as 
noted for the cotton-only sample and the second, now delayed one is for the underlying 
foam. The second pkHRR value for the C-PU sample is higher than the respective back-
coated samples. By comparing back-coating samples with different %add-ons, the 
pkHRR was decreased slightly with increasing %add-on level with values of 300 kW/m2 
for 57% add-on, 293 kW/m2 for 66% add-on and 267 kW/m2 for 76% add-on levels. 
Furthermore, comparing the flame out time results, the FO value for the 56% add-on 
sample is 78 s but increased to 91 s for 66% and 76% add-on samples, reflecting the 
presence of higher amounts of flame retardant.  
The back-coated samples have significantly higher total smoke release (TSR) values if 
compared with the C-PU and Foam-PU samples, which suggest that incomplete 
combustion of back-coated samples may be occurring as a consequence of the 
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brominated flame retardant present. However, the TSR of samples with 56% and 76% 
(around 165 m2/m2) are higher than for the sample with 66% add-on (131 m2/m2), 
although these differences may not be significant given the error associated with cone 
calorimetric smoke measurements and with %CV values of about 30% given by testing 
three specimens per sample. The Foam-PU sample has an earlier smoke release 
tendency (first peak at 15 s) if compared with back-coated samples for which smoke 
release started after 25 s with each sample showing a number of peaks and the 
maximum smoke release peaks occur after about 50 s.  
Table 5.3 and Figures 5.11 (c) and 5.13 (a) and (b) record each sample’s char formation 
as residue percentage of each sample determined at the end of each experiment. The 
residue left from the Foam-PU sample is 16%, and for the C-PU sample is only 5% which 
demonstrates that covering the PU foam with overlying untreated cotton fabric 
increased the ignition of the foam and reduced the char formation.  
Back-coated samples with different %add-ons have almost the same residue 
percentages (between 7 - 9%) and are slightly higher than for the untreated sample (C-
PU). These relatively low residue values suggest that the accompanying high smoke 
release values reflect where the potential char-forming character of the DecaBDE/ATO 
formulation measured as smoke.  
From Table 5.3, the COY value of Foam-PU sample is 0.0004 kg/kg which is less than that 
for the C-PU (0.127 kg/kg). However, COY for back-coating samples increased with 
increasing the %add-ons (0.025 kg/kg for 56% add-on, 0.029 kg/kg for 66% add-on and 
0.032 kg/kg for 76% add-on); this shows the increasing effect of the flame retardant in 
influencing the flame chemistry such that oxidation of volatiles from the degradation of 
samples is reduced. 
 
5.3.1.3 Samples over MPU foam  
Figure 5.12 shows HRR, RSR and mass loss curves of the untreated cotton fabric and 
back-coated (DecaBDE/ATO) cotton fabric at three different add-ons over combustion  
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(a) 
 
(b) 
 
(c) 
Figure 5.11: Cone calorimetry results for untreated and DecaBDE/ATO treated cotton fabric 
samples over unmodified PU foam from Table 5.3; (a) HRR, (b) RSR, and (c) mass loss (%) 
versus time responses. 
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modified PU foam. Combustion modified polyurethane foam (MPU) as a plain foam was 
tested by cone calorimetry and the results are listed in Table 5.3 and Figure 5.12 as 
(Foam-MPU). 
From Table 5.3 and Figure 5.12, similar to samples tested over PU foam, all fabric 
samples have two HRR peaks and hence two pkHRR values. The second pkHRR values 
for all three the back-coated samples with different add-ons are lower than for the C-
MPU sample. Furthermore, the second peak for the C-MPU sample occurred at 70 s 
while for back-coated samples with 56 and 66% add-ons, times-to-peak are around 80 
s, hence showing a 10 s delay. The time-to-peak for DecaBDE/ATO-MPU-76 was 
recorded at 90 s. This delay time represents the flame retardant on the back of the fabric 
which slows down the ignition of the sample.  
The effect of different %add-ons suggests that the pkHRR and THR have been reduced 
with increasing %add-on although not significantly (pkHRR of 260 kW/m2 for 56% add-
on, 248 kW/m2 for 66% add-on and 239 kW/m2 for 76% add-on) as was also noted for 
the respective fabric/PU composites discussed in Section 5.3.1.2 above.  
Back-coated samples have significantly higher total smoke release (TSR) if compared 
with C-MPU and Foam-MPU samples which is proof of incomplete combustion of back-
coated samples and the effectiveness of the flame retardant present. Not surprisingly, 
therefore, the TSR value of the sample with 76% add-on (271 m2/m2) is higher than the 
samples with 56% and 66% add-ons.  
By comparing the char formation images in Figure 5.13 (b) and(c), it can be seen that the 
charred residues from back-coated fabric over MPU foam has kept some of their former 
texture more than the back-coated samples over PU foam. However, the residual 
percentages are almost the same for all samples. 
Comparing samples from Section 5.3.1.2 (samples covered over unmodified 
polyurethane foam) with the results from this Section (samples covered with FR 
modified polyurethane foam), it is clear that the pkHRR values for samples over PU foam 
are higher than for samples over MPU foam with no significant difference in TTI   
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(a) 
 
(b) 
 
(c) 
Figure 5.12: Cone calorimetry results for untreated and DecaBDE/ATO treated cotton fabric 
samples over combustion-modified MPU foam from Table 5.3; (a) HRR, (b) RSR, and (c) mass 
loss (%) versus time responses. 
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values (see Table 5.3). Furthermore, the first peak for both back-coated treated 
samples over PU and MPU foams are similar, TTI values for all samples except 
DecaBDE/ATO-MPU-76 are around 15 s.  However, the second peak values for the 
samples over PU foam occurred at between 60 – 65 s while for samples over MPU 
foams, times-to-second-peak are between 80 – 90 s, hence showing around 20 s delay 
for the back-coated samples over MPU foam. 
 
 
 
(a) 
  
Untreated cotton-F DecaBDE/ATO-F-66 
 
 
(b) 
     
Foam-PU C-PU DecaBDE/ATO-PU-56 DecaBDE/ATO-PU-66 DecaBDE/ATO-PU-76 
 
 
(c) 
     
Foam-MPU C-MPU DecaBDE/ATO-MPU-56 DecaBDE/ATO-MPU-66 DecaBDE/ATO-MPU-76 
Figure 5.13: The images of the residue left for each sample untreated and back-coated treated 
(DecaBDE/ATO formulation) after cone calorimeter test; (a) only fabric, (b) over PU foam, and 
(c) over MPU foam. 
 
5.3.2 TexFron P+/ATO formulations 
The cone calorimetric combustion data for untreated cotton fabric, TexFRon P+/ATO 
back-coated cotton fabric with three different add-ons (46, 56, and 66%) as plain fabric 
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(F) alone and over unmodified polyurethane (PU) and FR combustion modified 
polyurethane (MPU) foams are listed in Table 5.4. Furthermore, the HRR, RSR and mass 
loss curves of untreated fabric and all of the fabrics subjected to the TexFRon P+/ATO 
back-coated treated cotton fabric alone and in combination with PU and MPU foam have 
been reported in Figures 5.14 to 5.16. Figure 5.17 demonstrates the respective sample 
residues left after cone calorimeter testing. The average error value is about 11%. 
Table 5.4: Collected cone calorimetric data of TexFRon P+/ATO back-coated treated cotton 
fabrics. 
Sample ID TTI (s) FO (s) pkHRR 
(kW/m2) 
THR 
(MJ/m2) 
TSR 
(m2/m2) 
Residue 
(%) 
COY 
(kg/kg) 
CO2Y 
(kg/kg) 
On
ly
 fa
br
ic C-Fa 16 36 150 4 5 0.4 0.001 0.16 
TexFRon P+/ATO-F-56b 14 36 151 4 15 13 0.086 0.35 
Ov
er
 P
U 
fo
am
 
Foam-PUc 3 45 438 12 14 16 0.0004 1.78 
C-PU 15 106 360 19 32 5 0.127 2.68 
TexFRon P+/ATO-PU-46 12 104 327 17 55 4 0.048 0.98 
TexFRon P+/ATO-PU-56 12 127 217 16 108 15 0.182 2.50 
TexFRon P+/ATO-PU-66 13 136 161 12 236 11 3.057 30.5 
Ov
er
 M
PU
 fo
am
 
Foam-MPUd 6 77 359 12 24 15 0.0014 5.81 
C-MPU 13 81 340 18 42 16 0.430 10.1 
TexFRon P+/ATO-MPU-46 12 115 283 19 58 13 0.073 1.12 
TexFRon P+/ATO-MPU-56 13 144 291 18 92 13 0.054 0.79 
TexFRon P+/ATO-MPU-66 14 179 170 11 259 17 0.068 0.49 
Key: TTI = time-to-ignition, FO = flameout time, pkHRR = peak heat release rate, THR = total heat release, TSR = total 
smoke, COY = total CO, CO2Y = total CO2 level.  
Notes: a only on plain fabric. b the number stands for back-coated add-on%. c over unmodified polyurethane foam. d 
over combustion-modified polyurethane foam. 
 
5.3.2.1 Samples only as plain fabric  
Figure 5.15 shows HRR, RSR and mass loss curves of untreated cotton fabric (C-F), and 
back-coated cotton fabric (TexFRon P+/ATO) with 56% add-on as fabric only (TexFRon 
P+/ATO-F-56).  
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From Figure 5.14 (a) and Table 5.4, similar to DecaBDE/ATO back-coated samples, the C-
F sample and TexFRon P+/ATO-F-56 have only one heat rate release peak which it refers 
to the fabric ignition. C-F and TexFRon P+/ATO-F-56 samples have almost the same 
pkHRR (around 150 kW/m2), TTI (~15 s) and FO values (36 s). However, the pkHRR value 
for the TexFRon P+/ATO-F-56 sample is delayed with 5 s compared with C-F sample. 
Total smoke release (TSR) for the TexFRon P+/ATO-F-56 sample (15 m2/m2) is higher than 
for the C-F sample (5 m2/m2), which suggests a higher amount of generated smoke in a 
full-scale fire and incomplete combustion of the cotton samples. This incomplete 
combustion also increased the charred residue formation for TexFRon P+/ATO-F-56 to 
13% when compared with untreated cotton sample (C-F) with only 0.4 % residue (see 
Figure 5.14(c)).  
Figure 5.17 shows the respective sample residues after the cone calorimeter test. The 
charred residue of TexFRon P+/ATO-F-56 has kept some of its former textile texture 
when compared with the untreated fabric which only shows tiny grey ash left after the 
test. 
 
5.3.2.2 Samples over PU foam  
The HRR, RSR and mass loss curves of untreated and back-coated (TexFRon P+/ATO) 
cotton fabric samples at three different add-ons over unmodified PU foam are shown in 
Figure 5.16.  
From Table 5.4 and Figure 5.15, similar to DecaBDE/ATO samples, all fabric/PU foam 
composite samples, show two pkHRR values of which the first one most likely refers to   
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(a) 
 
(b) 
 
(c) 
Figure 5.14: Cone calorimetry results for untreated (C-F) and TexFRon P+/ATO back-coated 
(TexFRon P+/ATO-F-56) cotton fabric samples tested only as fabric, (a) HRR, (b) RSR, and (c) 
mass loss (%) versus time responses. 
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the fabric ignition as noted for the fabric only sample and the second, now delayed is 
for the ignition of the underlying foam.  
The second pkHRR value for the C-PU and the TexFRon P+/ATO-PU-46 samples have been 
recorded at the same time (65 s) and with small difference in pkHRR value; 360 kW/m2 
for C-PU and 327 kW/m2 for TexFRon P+/ATO-PU-46 sample. By increasing the back-
coating add-on level to 56% and 66%, the pkHRR value was reduced to 216 and 160 
kW/m2 respectively with a delayed shift of time-to-peak of 5 s for TexFRon P+/ATO-PU-
56 and 25 s for TexFRon P+/ATO-PU-66 sample, reflecting the presence of the increasing 
amount of flame retardant on the samples. Furthermore, the FO value also 
demonstrates the same trend which, by increasing %add-on level, increased and fabric 
ignited for a longer time with lower total heat release (TTH) (see Table 5.4). 
The back-coated samples have a higher total smoke release (TSR) values when 
compared with the C-PU and Foam-PU samples. However, comparing the back-coated 
samples with different add-ons, there is a significant difference which by increasing 
%add-on, TSR increased. The TSR for TexFRon P+/ATO-PU-66 (235 m2/m2) is double that 
for TexFRon P+/ATO-PU-56 (108 m2/m2) and quadruple for the TexFRon P+/ATO-PU-46 
sample (55 m2/m2) as a consequence of the higher amount of brominated flame 
retardant present. From the mass loss data, Table 5.4 and Figure 5.17, TexFRon P+/ATO-
PU-56 shows much higher %residue left compared with TexFRon P+/ATO-PU-46 which 
reflects the char-forming character of TexFRon P+/ATO.  
Similar to this increasing add-on order are the increasing emissions of CO and CO2 for 
TexFRon P+/ATO-PU-66, although values are similar to those for DecaBDE/ATO. Again, 
this represents the increasing effect of flame retardant in reducing the oxidation of 
volatiles from the degradation of the samples (see Table 5.4).  
From Table 5.4 and Figures 5.15 & 5.17, it is clear that there is considerable difference 
between TexFRon P+/ATO-PU-46 and TexFRon P+/ATO-PU-56 sample cone calorimetry 
results, principally respective pkHRR, TSR and %residue values, which may be the reason 
that the 56% add-on back-coated cotton sample passing the SMT while the 46% sample 
did not.  
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5.3.2.3 Samples over MPU foam  
The cone calorimetry results for samples over combustion-modified foam (MPU) in 
Figure 5.16 show similar results to the samples over PU foam (see Table 5.4), for which 
the TexFRon P+/ATO-PU-66 sample has a lower pkHRR and higher TSR and %residue 
when compared to the TexFRon P+/ATO-PU-46 and TexFRon P+/ATO-PU-56 samples, 
while the TexFRon P+/ATO-PU-46 and TexFRon P+/ATO-PU-56 samples have very similar 
pkHRR, TSR and %residue values. This is showing the effect of higher amount of flame 
retardant after a certain amount (probably after SMT add-on barrier) that massively 
increase the combustion behaviour of the sample as a consequence of the high amount 
of brominated flame retardant present.  
However, now TexFRon P+/ATO-PU-46 and TexFRon P+/ATO-PU-56 samples show very 
similar behaviour but with a significant difference in FO values with the TexFRon P+/ATO-
PU-56 sample burning for 30 s longer than the TexFRon P+/ATO-PU-46 sample although 
producing similar THR values.  
By comparing the back-coated sample over PU foam and MPU foam (Sections 5.3.2.1 
and 5.3.2.2), it is clear that FO value for MPU foam is higher than the one with PU foam. 
The combustion-modified foam has increased the duration of combustion, while there 
is no significant differences between the other data within the error of about ± 8% (see 
Table 5.4). However, while the first peak data for both back-coated treated samples over 
PU and MPU foams are similar which is determined by cotton ignition/burning, the 
second peak data for samples over PU foam occurred at between 65 – 95 s for all three 
back-coated samples respectively, while for samples over MPU foams, times-to-second-
peak are between 90 – 120 s, hence showing the delay for the back-coated samples over 
MPU foam and showing the slower burning character of the MPU foam.  
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(a) 
 
(b) 
 
  (c) 
Figure 5.15: Cone calorimetry results for untreated and TexFRon P+/ATO treated cotton fabric 
samples over unmodified - PU foam from Table 5.4; (a) HRR, (b) RSR, and (c) mass loss (%) 
versus time responses. 
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(a) 
 
(b) 
 
(c) 
Figure 5.16: Cone calorimetry results for untreated and TexFRon P+/ATO treated cotton fabric 
samples over combustion-modified MPU foam from Table 5.4; (a) HRR, (b) RSR, and (c) mass 
loss (%) versus time responses. 
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(a) 
  
Untreated cotton-F TexFRon P+/ATO-F-56 
 
 
(b) 
 
     
Foam-PU C-PU TexFRon P+/ATO-PU-46 TexFRon P+/ATO-PU-56 TexFRon P+/ATO-PU-66 
 
 
(c) 
 
 
     
Foam-MPU C-MPU TexFRon P+/ATO-MPU-46 TexFRon P+/ATO-MPU-56 TexFRon P+/ATO-MPU-66 
Figure 5.17: The images of the residue left for each sample untreated and back-coated treated 
(TexFRon P+/ATO formulation) after the cone calorimeter test; (a) only fabric, (b) over PU 
foam, and (c) over MPU foam. 
 
5.3.3 DecaBDE/ZHS formulation 
The cone calorimetric combustion data for untreated cotton fabric, DecaBDE/ZHS back-
coated treated cotton fabric at three different add-ons (56, 66, and 76%) as plain fabric 
(F) alone and over unmodified polyurethane (PU) and FR combustion modified 
polyurethane (MPU) foams are listed in Table 5.5. The heat release rate (HRR), rate of 
smoke release (RSR) and mass loss curves of untreated fabric and all of the fabric/foam 
combinations are reported in Figures 5.18 to 5.20. Figure 5.21 shows the residues after 
cone calorimeter testing. The average errors value is about 5%. 
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5.3.3.1 Samples only as a plain fabric  
From Table 5.5 and Figure 5.18, DecaBDE/ZHS-F-66 has a slightly higher pkHRR value 
than C-F fabric with 10 s delay. The TSR and %residue values are higher for back-coated 
samples compared with C-F which may be linked to incomplete combustion and 
production of more smoke and also are influenced by the presence of the resin. By 
looking at the CO/CO2 ratio, for the C-F sample (with CO/CO2 ratio of 0.0002) and for 
DecaBDE/ZHS-F-66 (with CO/CO2 ratio of 0.075), this shows less oxidation of back-
coated sample compared with the untreated sample.  
From Figure 5.21, the residue left from DecaBDE/ZHS-F-66 sample appears as a white 
char which this is most likely zinc oxide, which is white since it is considered that most 
of the tin content volatilises as tin II oxide [5].  
By comparing Tables 5.3 and 5.5, DecaBDE/ATO has a higher TSR and lower %residue 
when compared with DecaBDE/ZHS, which produces more residue. This can suggests 
that ATO is more volatile than ZHS as it enters into the synergistic, vapour phase reaction 
with DecaBDE and produces more smoke and hence higher TSR value. However, Zinc 
hydroxystannate acts also in the condensed phase since it produces more residue [6]. 
 
5.3.3.2 Samples over PU and MPU foam results 
From Figure 5.19 & 5.20 and Table 5.5, similar to DecaBDE/ATO and TexFRon P+ back-
coated samples over PU and MPU foam, DecaBDE/ZHS back-coated samples show 
higher TTI, FO values, TSR and %residue and also lower pkHRR values when compared 
with the untreated sample. Thus, in spite of these samples failing the SMT test, the 
DecaBDE/ZHS formulation present is slowing the combustion process down and this 
effect increases with increasing add-on% as shown by the shifts in all respective 
response curves to higher times in Figures 5.19 and 5.20. 
The second pkHRR values for the DecaBDE/ZHS back-coated samples over PU and MPU 
foams are delayed when compared with the untreated fabric and foam-only samples. 
This delay or shift to higher times is greater for samples over MPU foam with the second 
Chapter 5: Mechanism of Back Coated Cotton Fabric 
Sara Eivazi 117  
pkHRR value recorded at 85 s for DecaBDE/ZHS-MPU-76 compared to the DecaBDE/ZHS-
PU-76 sample time-to-peak value of around 70 s reflecting the additional delaying effect 
of combustion-modified foam. The effect of the MPU foam is also to increase the final 
sample residue percentages as shown when comparing Figure 5.19 (c) with 5.20 (c). 
 
Table 5.5: Collected cone calorimetric data of DecaBDE/ATO back-coated treated cotton 
fabrics. 
Sample ID TTI (s) FO (s) pkHRR 
(kW/m2) 
THR 
(MJ/m2) 
TSR 
(m2/m2) 
Residue 
(%) 
COY 
(kg/kg) 
CO2Y 
(kg/kg) 
On
ly
 fa
br
ic C-Fa 16 36 150 4 5 0.4 0.001 0.16 
DecaBDE/ZHS-F-66b 20 56 156 4 29 12 0.081 1.09 
Ov
er
 P
U 
fo
am
 
Foam-PUc 3 45 438 12 14 16 0.0004 1.78 
C-PU 15 106 360 19 32 5 0.127 2.68 
DecaBDE/ZHS-PU-56 16 113 311 17 99 5 0.062 1.24 
DecaBDE/ZHS-PU-66 18 103 270 17 70 9 0.045 0.95 
DecaBDE/ZHS-PU-76 21 112 290 17 101 8 0.103 1.70 
Ov
er
 M
PU
 fo
am
 
Foam-MPUd 6 77 359 12 24 15 0.0014 5.81 
C-MPU 13 81 340 18 42 16 0.430 10.1 
DecaBDE/ZHS-MPU-56 17 122 253 20 82 9 0.029 0.63 
DecaBDE/ZHS-MPU-66 19 104 307 19 92 12 0.046 1.04 
DecaBDE/ZHS-MPU-76 18 113 247 18 106 13 0.048 0.75 
Key: TTI = time-to-ignition, FO = flameout time, pkHRR = peak heat release rate, THR = total heat release, TSR = total 
smoke, COY = total CO, CO2Y = total CO2 level.  
Notes: a only on plain fabric. b the number stands for back-coated add-on%. c over unmodified polyurethane foam. d 
over combustion-modified polyurethane foam. 
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(a) 
 
(b) 
 
(c) 
Figure 5.18: Cone calorimetry results for untreated (C-F) and DecaBDE/ZHS back-coated 
(DecaBDE/ZHS-F-66) cotton fabric samples tested only as fabric, (a) HRR, (b) RSR, and (c) mass 
loss (%) versus time responses. 
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(a) 
 
(b) 
 
(c) 
Figure 5.19: Cone calorimetry results for untreated and DecaBDE/ZHS treated cotton fabric 
samples over un-combustion PU foam from Table 5.5; (a) HRR, (b) RSR, and (c) mass loss (%) 
versus time responses. 
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(a) 
 
(b) 
 
(c) 
Figure 5.20: Cone calorimetry results for untreated and DecaBDE/ZHS treated cotton fabric 
samples over combustion MPU foam from Table 5.5; (a) HRR, (b) RSR, and (c) mass loss (%) 
versus time responses. 
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(a) 
  
Untreated cotton-F DecaBDE/ZHS-F-66 
 
 
(b) 
 
     
Foam-PU C-PU DecaBDE/ZHS-PU-56 DecaBDE/ZHS-PU-66 DecaBDE/ZHS-PU-76 
 
 
(c) 
 
      
Foam-MPU C-MPU DecaBDE/ZHS-MPU-56 DecaBDE/ZHS-MPU-66 DecaBDE/ZHS-MPU-76 
Figure 5.21: The images of the residue left for each sample untreated and back-coated treated 
(DecaBDE/ZHS formulation) after cone calorimeter test; (a) only fabric, (b) over PU foam, and 
(c) over MPU foam. 
 
5.4 Physical performance  
5.4.1 Morphology of back-coated cotton fabrics 
In order to assess the level of penetration of back-coated samples, optical microscopic 
images (see Section 3.4.4.1) of the fabric cross-sections of each back-coated flame 
retardant fabric (DecaBDE/ATO, TexFRon 9020/ATO, and TexFRon P+/ATO) discussed in 
Section 4.2.4 were investigated (Figure 5.22). Each red line in Figure 5.22 indicates the 
maximum level of penetration of each coating, as the whiter layer is the coated part. 
Each dotted line in Figure 5.22 specifies the average upper and lower surfaces of the 
sample.  
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From Figure 5.22, it may be concluded that the penetration of flame retardant into the 
 fabric is considerable for every sample. However, the back-coated flame retardant 
penetrated enough to protect the fabric but did not go through the fabric to change the 
appearance of the front face of the fabric and no un-wanted chemical on the surface. 
 
 
(a) 
 
(b) 
 
(c) 
Figure 5.22: Optical microscopic images and approx. penetration for (a) DecaBDE (66% add-
on), (b) TexFRon 9020 (107% add-on), (c) TexFRon P+ (56% add-on) coatings. 
 
5.4.2 Fabric stiffness and handle 
The three selected back-coated treated cotton fabrics were tested for stiffness by using 
the ‘Shirley’ stiffness tester (see Section 3.4.5.1) and compared with untreated fabric 
stiffness results. Flexural rigidity of the selected back-coated samples were those, which 
discussed in Section 4.2.4, were calculated and reported in Table 5.6. The stiffness of 
each sample has been tested before any water-soak test.  
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Table 5.6: Flexural rigidity of back-coated treated cotton fabric and compared with untreated 
cotton fabric. 
Sample % Add-on Area density of Fabric (g/m2) Flexural Rigidity (mg.cm) × 10-4 
Untreated Cotton 0 267 0.646 
Back-coated (DecaBDE/ATO) 66 443 1.946 
Back-coated (TexFRon 9020/ATO) 107 553 4.362 
Back-coated (TexFRon P+/ATO) 56 417 7.313 
 
As it is clear from Table 5.6, the flexural rigidity is lowest for DecaBDE/ATO formulation 
treated cotton fabric when compared with TexFRon 9020/ATO and TexFRon P+/ATO 
treated cotton fabrics. These results would indicate that DecaBDE/ATO treated fabric 
has a better handle in comparison with the other back-coated formulations and that the 
lower level in comparison with the TexFRon P+ treated fabric which is present at a lower 
add-on is most likely a consequence of the different respective resins present. However, 
the existence of a probable anti-smouldering agent in the TexFRon P+ may be the reason 
for the greater stiffness and hence handle of this sample.  
While both add-on and resin type will affect the stiffness of the treated samples, both 
DecaBDE/ATO and TexFRon 9020/ATO coated fabrics have the same resin present and 
so relative rigidity values will reflect the respective %add-on differences. However, the 
flexural rigidity of all back-coated fabrics are much higher than the untreated fabric 
which demonstrates the large changes of fabric handle introduced after back-coating. 
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5.4.3 Fabric colour changing and staining 
The flame-retarded materials used for treating the cotton fabric may change the 
appearance of the fabric, which can cause the fabric colour to change as a consequence 
of possible “grin-through” or change as a consequence of the curing temperature. The 
Grey Scale for colour change and the Grey Scales for staining (see Section 3.4.5.2) have 
been used to assess the same samples discussed in the last section (Table 5.6) by 
comparing each with untreated cotton fabric and the results are reported in Table 5.7.  
 
Table 5.7: The back-coated treated cotton fabric colour changing and staining if compared 
with untreated cotton fabric. 
Sample Grey change scale number Grey stain scale number 
Back-coated (DecaBDE/ATO) 3.5 4 
Back-coated (TexFRon 9020/ATO) 3.5 3.5 
Back-coated (TexFRon P+/ATO) 3.5 3.5 
 
The increase in the yellowing of a white fabric was assessed by using both grey scale, 
the staining scales are a direct assessment of the yellowing and the colour change scale 
attempts to measure the change in whiteness.  
From Table 5.7, it can be seen that the fabric colour changes for the back-coated treated 
samples by different flame retardants are almost the same. It is one of the advantages 
of back-coating samples that they are applied to the back surface of the fabric, which 
does not penetrate and so affect the fabric face. However, the slight changes observed 
are a consequence of curing temperature and related degradation of cotton fabric. By 
using both grey scales, we assessed the color shade change by using the Grey Scale for 
Colour Change and observed the yellowish change on the fabric and used the Grey Stain 
Scale for Staining, to confirm the degree of the fabric discoloration after applying each 
flame retardant, back-coated treatment. Consequently, the grey scale numbers or 
ratings are similar for both scales. 
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5.5 Conclusion 
By studying the thermal analysis of DecaBDE/ATO and TexFRon P+/ATO dried paste 
samples, it has been seen that TexFRon P+/ATO degrades with two exothermic peaks at 
338 and 548 °C leaving a higher amount of residue which remains until 700 °C. When 
compared to the DecaBDE/ATO dried paste, this has completely degraded by the second 
stage of mass loss, leaving no residue above 600 °C. The second exothermic peaks for 
DecaBDE/ATO sample were recorded at 470 °C which are much lower than the 548 °C 
value for TexFRon P+/ATO, which demonstrates better heat stability of TexFRon P+. 
Cone calorimetry tests performed on untreated and back-coated treated cotton fabrics 
for three different formulations (DecaBDE/ATO, TexFRon P+/ATO, and DecaBDE/ZHS) 
have shown that each back-coating favours char formation and so increases the residue 
percentage values as well as generating high concentrations of smoke. This is a 
consequence of incomplete combustion and the reduction in the evolution of volatile 
species that fuel combustion and further degradation. 
However, it is clear that the TexFRon P+/ATO samples after exposure to the cone 
calorimeter showed some evidence of the former texture of the fabric unlike residues 
from the DecaBDE/ATO sample which does not leave any significant char residue. For 
DecaBDE/ZHS samples, the residue appeared as white ash which contains the 
decomposition products of zinc hydroxystannate, most likely to be zinc oxide.  
In addition, comparing DecaBDE/ATO and DecaBDE/ZHS back-coated samples (fabric 
only), the TSR values are higher for the DecaBDE/ATO samples while leaving lower 
residues.  The DecaBDE/ZHS samples generally show lower TSR values but leave more 
residue (see tables 5.3 and 5.5). This can be the proof of vapour phase activity of ATO 
which produces more smoke and higher TSR values. Zinc hydroxystannate particularly 
acts as a smoke suppressant, reduces carbon monoxide formation, and thereby 
promotes char formation. The synergistic effect of zinc hydroxystannate is a 
consequence of the formation of SnBr2 and SnBr4 in a vapour phase with some 
secondary condensed phase activity. 
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When comparing the physical performances of the three different brominated back-
coating formulations (DecaBDE/ATO, TexFRon9020/ATO and TexFRon P+/ATO), it is 
noted that the DecaBDE/ATO formulation treated cotton fabric has a lower flexural 
rigidity versus the TexFRon P+/ATO treated cotton fabrics with a similar add-on% value 
on each fabric. Additionally, by using both grey scales, we can see that the colour of the 
fabric has changed after applying each back-coated treatment in a very similar way for 
all three flame retardant formulations which is a consequence of curing temperature 
and slight degradation of the cotton fabric.  
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CHAPTER 6:  FLAME RETARDANT BACK-COATINGS FOR POLYESTER 
FABRIC: CURRENT BROMINE-CONTAINING FORMULATIONS 
 
6.1 Introduction 
During the investigation of different textile substrates for flame retardant, back-coated 
formulations, polyester was also studied and is discussed in this chapter. Polyester (PET) 
fabric is a very common fabric for using in furniture products across the price and quality 
spectrum [1]. In order to pass the UK regulations, back-coatings are more often than not 
applied; hence flame retardant back-coating formulations for polyester woven fabric 
were also studied.  
Two different flame retardants, decabromodiphenyl ether (DecaBDE) and TexFRon P+, 
which have been used for back-coating cotton fabrics, were investigated for the 
application on the two different polyester woven fabrics with various area densities. To 
improve the formulation for polyester fabrics, different resins (acrylic and styrene 
acrylate copolymeric resins) and also different formulations were investigated.  
To study the effect of minimal add-on requirements on fabric area density, two different 
polyester fabrics were selected. All materials used including the fabric types are 
described in Chapter 3.  
All fabrics for this section have been back-coated by the automated form of K-bar 
coating (see Section 3.3.1). 
 
6.2 Flame retardant back-coated polyester fabrics using decabromodiphenyl ether 
(DecaBDE) 
6.2.1 Experimental 
The traditional Sb-Br formulation based on decabromodiphenyl ether, antimony (III) 
oxide and resin (dry mass ratio of resin:DecaBDE:ATO (25:50:25)) was applied in a 
Chapter 6: Flame retardant Back Coatings For Polyester Fabric: Current Bromine-Containing 
Formulations 
Sara Eivazi 129  
manner similar to that for the cotton fabric (see Sections 3.3.1 and 4.2.1). In the first 
experiments, polyester woven fabric with area density of 160 (g/m2) with two different 
resins (acrylate-based (Hycar T-19) resin and styrene-acrylate-based copolymeric 
(CBB26373) resin) was studied.  
 
6.2.2 Results and discussion  
Acrylate (Hycar T-19) resin-based formulations: The first experimental samples started 
with a double coating and 100% add-on was achieved, which is believed to be a typical 
level for polyester fabrics. The results of the small scale match test (SMT), however, 
showed a “fail” for this sample, which melted when in contact with a flame. As polyester 
fabrics melt during the test, a hole is immediately created in the fabric, allowing the 
flame to go through to the foam without preventing the ignition of this underlying 
material. As a consequence, the number of coatings (wet-on-wet) was increased to 
increase the add-on to 150% and then 178% (see Table 6.1).  Samples when assessed by 
the simulated match test showed that even increasing the %add-on to these levels did 
not improve the char-forming character of the back-coating and hence its ability to 
reduce the size of hole formation within the face polyester fabric and so “fails” again 
were recorded for these samples.  
In the next step, in attempts to increase this char-forming property, the resin mass ratio 
in the formulation was increased while maintaining a molar ratio Sb:Br=1:3 
(resin:DecaBDE:ATO of 34:44:22) and three back-coated samples were produced with 
different add-on values (113, 156, 170%). Only the last sample (170% add-on) passed 
the SMT and, as was noted for the %add-on values that achieved SMT passes on cotton 
fabrics, this value is about twice than that expected for a commercially back-coated 
fabric.  
Limiting Oxygen Index (LOI) values of the two samples were also measured (Table 6.1). 
The LOI value for samples with a mass ratio of resin:DecaBDE:ATO (25:50:25) at 150% 
add-on, which still failed the SMT, was 31.2 vol %. However, the LOI value for the 
previous mass ratio of resin:DecaBDE:ATO (34:44:22) sample with 170% add-on (and 
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which passed the SMT) was 30.5 vol %. It would be expected that by increasing the fabric 
%add-on value there would be an increasing effect on LOI value, but in fact, the reverse 
was observed from 31.2 to 30.5 vol %. However, considering that in the first sample with 
170% add-on, the FR %add-on = 0.66 (DecaBDE+ATO) x 170% = 112% and in the second 
sample with 150% add-on, the FR %add-on is 0.75 (DecaBDE+ATO) x150% =112%, the 
flame retardant contents for both samples are the same (112%). 
 
Table 6.1: The SMT and LOI tests results for back-coated polyester fabrics using Hycar T-91 as 
resin. 
Resin Mass ratio of (resin:DecaBDE:ATO) %add-on SMT results LOI value% 
Hycar T-91 25:50:25 100 Fully burned ---- 
Hycar T-91 25:50:25 150 Fully burned 31.2 
Hycar T-91 25:50:25 178 Fully burned ---- 
Hycar T-91 34:44:22 113 Fully burned ---- 
Hycar T-91 34:44:22 156 Fully burned ---- 
Hycar T-91 34:44:22 170 Passed (110 s) 30.5 
 
Styrene-acrylate-based (CBB26373 resins) formulations: Seeking advice from the resin 
manufacturer Lubrizol, it was suggested that in order to increase char formation and 
minimise hole formation during the SMT, a styrene acrylate copolymeric resin should be 
used in a formulation. The Sb-Br formulation based on decabromodiphenyl ether, 
antimony (III) oxide and styrene acrylate resin (dry mass ratio of resin:DecaBDE:ATO 
(34:44:22)) was applied in a manner similar to that for the acrylic resin. 
Three different %add-on samples were produced with the new resin (128, 132 and 
209%), but none of the samples passed the SMT test (Table 6.2). It was generally 
observed that using the styrene acrylate copolymeric resin in the polyester fabric 
formulation, the size of hole decreased if compared with polyester fabric treated by 
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Hycar T-19 acrylic resin (Figure 6.1). However, the hole made during the SMT test was 
enough for the flame to reach the foam, ignite it and so fail the test. 
 
 
Figure 6.1: Brominated back-coated polyester fabric by using two different resins, acrylic resin 
(left picture) and styrene-acrylate copolymeric resin (right picture). 
 
Table 6.2: The SMT results for back-coated polyester fabrics using styrene-acrylate 
copolymeric resin. 
Resin Mass ratio of (resin:DecaBDE:ATO) %add-on SMT results 
CBB26373 34:44:22 128 Fully burned 
CBB26373 34:44:22 132 Fully burned 
CBB26373 34:44:22 209 Fully burned 
 
Addition of alumina trihydrate: Further advice from Lubrizol was to add some alumina 
trihydrate into the back-coating. The proposed addition of alumina (ATH) to the 
formulation was as a means of addressing the fact that polyester fabrics melt during the 
test in the hope of preventing formation of a large hole in the fabric [2]. As an additional 
flame retardant, alumina trihydrate when added to resin/DecaBDE/ATO formulation will 
absorb energy and release water vapour to suppress and reduce the spreading of a 
flame and smoke through polyester fabric. 
Chapter 6: Flame retardant Back Coatings For Polyester Fabric: Current Bromine-Containing 
Formulations 
Sara Eivazi 132  
In this part, 10% alumina trihydrate (ATH) has been added to Sb-Br back-coating 
formulation (mass ratio of resin:DecaBDE:ATO:ATH (24:44:22:10)) (Table 6.3). By adding 
10% alumina trihydrate and reducing 10% resin mass ratio in the back-coating 
formulation, the back-coated sample with 172% add-on passed the simulated match test 
and burning time recorded as 10 s, but on repeating the experiment, this result was not 
reproducible (see Table 6.3). Finally, the polyester back-coated sample with add-on 
around 250% passed the SMT reproducibly. It was noticeable that if the sample did not 
self-extinguish within 10 s, it would continue to burn until the whole sample, was then 
consumed along with the foam. The LOI value for sample number 6 (250% dried add-on) 
was 30.6 vol %.  
 
Table 6.3: The SMT results for back-coated polyester fabrics using styrene-acrylate 
copolymeric resin and alumina trihydrate. 
Sample No. %add-on Bromine content (WOF) (g/m2) SMT burning time, s 
1 97 18 Fully burned 
2 157 22.4 Fully burned 
3 172 23.1 10 
4 178 23.4 Fully burned 
5 200 24.4 Fully burned 
6 250 26.1 2 
7 252 26.2 3 
 
6.3 Flame retardant back-coated polyester fabrics using TexFRon P+ 
As discussed in the Section 4.2.3, by using TexFRon P+ in the back-coating formulations 
for cotton fabrics, the %add-on and bromine content were reduced by 15% and 35% 
respectively in the formulation to obtain a pass in the simulated BS 5852 match test 
compared to a conventional DecaBDE/ATO-containing back-coating. Thus, it was 
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decided to use TexFRon P+ as an alternative to DecaBDE for back-coating polyester 
textiles. 
 
6.3.1 Experimental 
Back-coated polyester fabrics were treated once without using ATH with a TexFRon 
P+:ATO mass ratio of 8:1 (corresponding to a molar ratio of Sb:Br = 1:3) and once with 
10% ATH in the formulation (TexFRon P+:ATO mass ratio of 8:1:2) (Table 6.4). 
 
6.3.2 Results and Discussions 
The first experimental samples using the TexFRon P+:ATO formulation after four coating 
cycles gave a 78% dry add-on but it failed the simulated match test. In comparison with 
the same results using TexFRon P+ applied on cotton fabric, the minimum %add-on to 
get a pass for the simulated match test was reported as 56%. However, even at 78% 
add-on, this was not enough for the polyester fabric to pass the test. Again, the major 
problem here was that polyester fabrics melted during the test and formed a large hole 
in the fabric, and the flame retardant present cannot extinguish the flame either during 
or after 20 s flame application. As a consequence, 10% ATH was added to the 
formulation as a means of mitigating these issues. The polyester back-coated samples 
with add-ons of 105, 108, and 112% were prepared and tested with the simulated match 
test (see Table 6.4). From Table 6.4, it is clear that even the back-coated polyester 
samples with over 100% add-on assist the ATH in the formulation, but it remained a 
challenge to achieve a pass.  However, the area density of polyester fabric is about 160 
g/m2, which is a relatively lightweight fabric for furnishings that easily forms a hole 
during the SMT, and so higher area density polyester fabric was studied and is discussed 
in Section 6.4 below.  
On the other side, the simulated match test introduced by Mydrin Ltd (now Lubrizol Ltd) 
over 25 years ago was mostly developed and used for back-coated cotton fabrics. In 
order to investigate the suitability of the SMT as a simulation of the BS 5852 match test, 
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a commercial flame retardant polyester fabric with 250 (g/m2) area density was tested 
using both the BS 5852: Source 1 (match test) [3] in Avocet dye and chemical co test 
laboratory and the simulated match test. The flame retardant treated polyester fabric 
passed the BS 5852 but did not pass the simulated test with the similar problem of 
excessive hole formation being observed. 
 
Table 6.4: The SMT results for back-coated polyester fabrics using TexFRon P+ as the flame 
retardant. 
Sample No. Mass ratio of %Add-on SMT Results 
1 FR:ATO 
(8:1) 
78 Fully burned 
2 FR:ATO:ATH 
(8:1:2) 
105 Fully burned 
3 FR:ATO:ATH 
(8:1:2) 
108 Fully burned 
4 FR:ATO:ATH 
(8:1:2) 
112 Fully burned 
 
6.4 Flame retardant back-coated polyester fabrics using higher area density 
polyester woven fabric 
The first reproducible %add-on on the 160 g/m2 woven polyester fabric which passed 
the small-scale simulation (SMT) test was 250%. To attempt to reduce the back-coated 
formulation add-on on the polyester fabric, a second polyester fabric with higher area 
density (260 (g/m2)) was studied. According to the results above (see Section 6.2), a 
conventional Sb-Br back-coating formulation using a styrene-acrylate-based resin and 
10% ATH in the formulation (mass ratio of resin:DecaBDE:ATO:ATH (24:44:22:10)) 
showed most promising results at 250% add-on. A similar formulation was applied to 
the 260 g/m2 polyester fabric at about 100% add-on and SMT results are shown in Table 
6.5. 100% add-on means that about 260 g/m2 flame retardant is present which is 
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considerable amount and yet still the fabric failed the simulated match (SMT) test. It was 
generally observed, however, that using this heavier polyester fabric, the size of hole 
decreased compared with the lighter polyester fabric but it was still enough for the 
flame to reach the foam, ignite it and fail the test. The bromine-containing flame 
retardant in the back-coating appeared to suppress the ignition of foam only while the 
melting foam withdrew behind the melting polyester fabric. In the absence of the resin 
char being able to prevent the hole in the polyester enlarging, eventually the foam edges 
became exposed to the igniting source and flaming became pronounced giving rise to a 
“fail”. 
While different area density polyester fabrics were studied in this work, the amount of 
bromine content was (WOF) calculated and recorded in g/m2 in Table 6.5. By comparing 
the bromine content from Tables 6.3 and 6.5, for the same amount of bromine (between 
20 – 22 %); both polyester fabrics failed the SMT.  
 
Table 6.5: The SMT results and bromine content using higher area density back-coated 
polyester fabrics. 
Sample No. %add-on Bromine content (WOF) 
(g/m2) 
SMT burning time, s 
1 107 18.9 Fully burned 
2 111 19.2 Fully burned 
3 120 20 Fully burned 
 
6.5 Thermal analysis of back-coated polyester fabric 
In order to gain insight into the possible interactions that may be occurring between the 
different bromine-containing flame retardants and resins within the formulations on 
back-coated polyester fabrics, they were analysed using thermogravimetric analysis 
(TGA) in air (see Section 3.4.2). In spite of the challenge to pass the small-scale 
simulation (SMT method) for add-ons lower than 200%, it is expected that TGA studies 
will increase understanding of their actions. As described in Section 3.4.2, the thermal 
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stabilities of the fabrics were evaluated by TGA from 50 to 800 °C with a heating rate of 
10 °C/min (in air) for samples weighing of approximately 10 mg. 
 
6.5.1 TG analysis for back-coated polyester fabrics with different flame retardant 
formulation 
Back-coated polyester samples (area density of 160 (g/m2)) examined were once with a 
dry mass ratio of resin:DecaBDE:ATO = 25:50:25 (100% dry add-on) and once with the 
dry mass ratio of resin:DecaBDE:ATO = 34:44:22 (168% dry add-on). Furthermore, the 
TGA has been evaluated for the two different formulations described above before 
being applied to the fabric (i.e the respective resin:DecaBDE:ATO formulation paste was 
dried and cured alone). Thermogravimetric curves of untreated cotton fabric, the dried 
flame retardant paste, and the back-coated polyester fabric sample are plotted in 
Figures 6.2 & 6.3 (Figure 6.2 for dry mass ratio of resin:DecaBDE:ATO = 25:50:25 and 
Figure 6.3 for dry mass ratio of resin:DecaBDE:ATO = 34:44:22).  
Figures 6.2 (a) & 6.3 (a) shows that all residues become constant at about 550 °C after 
most of the carbonaceous residues formed over the 350 – 450 °C range will have been 
oxidised. Any residues above 550 °C will most likely be largely inorganic [4]. Figures 6.2 
(b) and 6.3 (b) show the TGA and respective DTG curves which emphasise the maximum 
rate temperatures of mass loss for the polyester of each formulation alone and back-
coated polyester samples at 100 and 168% add-ons respectively.  
Figures 6.3 (a) includes the calculated TGA curves for respective coated polyester fabrics 
based on an average of the pure polyester and respective FR coating responses for the 
formulation with a dry mass ratio of resin:DecaBDE:ATO = 25:50:25. The “calculated” 
curve is the weighted average of 0.50 (polyester mass at each temperature) + 0.50 
(resin:DecaBDE:ATO dried %add-on on polyester at each temperature) for a coated 
fabric at 100% add-on. The non-superimposition of the “actual” and “calculated” 
responses shows that some degree of interaction is occurring between the polyester 
fabric and the back-coating formulation over the 350 – 600 °C temperature range. This 
interaction may be more evident in Figure 6.2 (c) where differential mass loss (Mass 
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(experimental) - Mass (calculated)) versus temperature is plotted (see Section 4.2.5.2). 
In both figures, the interaction between polyester and the formulation is such as to 
promote greater than expected volatilisation over the 350 – 450 °C temperature range 
with some slight additional char mass formation above 450 °C and up to about 500 °C.  
Furthermore, Figure 6.3 (a) shows the calculated TGA curves for back-coated polyester 
fabrics based on an average of the pure polyester and respective coating responses for 
the same formulation with a dry mass ratio of resin:DecaBDE:ATO = 34:44:22.  The 
“calculated” curve is weighted average of 0.37 (polyester mass at each temperature) + 
0.63 (resin:DecaBDE:ATO dried %add-on on polyester at each temperature) for a fabric 
coated with 200% add-on. The existence of any chemical and/or physical interaction 
between flame retardant and polyester fabric has been evaluated by comparing the 
experimental (or actual) with the calculated TGA curves in Figures 6.3 (c). For back-
coated polyester fabric, the calculated curve is below the experimental up to around 
400 °C with an additional residue (~8%- char) around 400 °C and the interaction between 
polyester, so the formulation is such as to promote less than expected volatilisation over  
400 °C. 
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(a): TGA responses comparison. 
    
(b): TGA (___) and DTG (---) responses. 
 
(c): Mass (experimental)-Mass (calculated) vs temperature differential plot from respective 
TGA actual and calculated data in (a) above. 
Figure 6.2: Thermal analytical responses in air for Dry mass ratio of resin:DecaBDE:ATO  
(25:50:25) at  100% add-on on polyester. 
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(a): TGA responses comparison. 
         
(b): TGA (___) and DTG (---) responses. 
 
(c): Mass (experimental)-Mass (calculated) vs temperature differential plot from respective 
TGA actual and calculated data in (a) above. 
Figure 6.3: Thermal stability responses for Mass ratio of resin:DecaBDE:ATO ( 34:44:22) at 
168% add-on on polyester. 
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6.5.2. TG analysis for back-coated polyester fabrics using different resins 
Figure 6.4 represents the TGA, DTA and DTG curves of two of the plain resins (Hycar T-
91 and CBB26373 resin) and 100% polyester woven fabric. Clearly in Figure 6.4 (a), it is 
seen that Hycar T-91 resin volatilises significantly less slowly up to 300 °C compared with 
the styrene acrylate copolymer, although the maximum mass loss DTG temperatures 
(see Figure 6.4 (b)) are very similar in the 382 – 386 °C range at which the polyester 
fabric is just beginning to lose significant mass. These respective DTG values are almost 
identical to the DTA exotherms also shown in Figure 6.4 (a) and so indicate that the mass 
losses occurring are related to these latter, which probably are associated with the well-
known exothermic cross-linking reactions that occur in acrylic copolymers when heated 
in air above 300 °C or so. Surprisingly, the acrylate resin leaves slightly more char than 
the styrene acrylate copolymer when heated above 400 °C, which is unexpected 
following the recommendation by Lubrizol Ltd that the latter should reduce hole 
formation in the polyester fabric during the small-scale simulation (SMT) testing. With 
regard to the polyester thermal responses, the major mass loss DTG peak in Figure 6.4 
(b) is similar to the DTA exotherm at 437 °C in Figure 6.4 (a) and so both are related. This 
mass loss transition is usually associated with the evolution of acetaldehyde formed by 
the thermal degradation of the ethylene glycol repeat unit present. 
To compare behaviour of Hycar T-91 and CBB26373 resins in flame retardant paste, the 
TGA and DTG curves of each resin with the DecaBDE: antimony (III) oxide formulation 
(resin: DecaBDE: ATO mass ratio of 34:44:22) were compared with polyester fabric and 
are represented in Figure 6.5. 
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(a) 
 
(b) 
Figure 6.4: Thermal stability responses of Hycar T-91 and CBB26373 resins (a) TGA (__) and DTA 
(---) results, and (b) TGA (__) and DTG (---) results. 
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(a) 
 
(b) 
Figure 6.5: Thermal stability responses of DecaBDE:ATO:resin formulation with different resins 
(Hycar T-91 and CBB26373) (a) TGA (__) and DTA (---) results, and (b) TGA (__) and DTG (---) 
results. 
 
This overall behaviour of resins in the resin:DecaBDE:ATO formulation is similar to that 
of plain resins (Figure 6.4), but resin:DecaBDE:ATO formulation exhibits a slight increase 
in residue formation between 500 and 700 °C. The resin:DecaBDE:ATO formulation also 
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shows a double stage mass loss over first temperature ranges between those observed 
for plain resins between 300 and 400 °C. However the second stage mass loss for 
CBB26373:DecaBDE:ATO is between 450 and 550  °C and for Hycar T-91:DecaBDE:ATO 
is between 525 and 600°C. It was unexpected that the acrylate resin decomposed and 
left more char at higher temperatures than the styrene acrylate copolymer when heated 
above 400 °C. 
 
6.6 Conclusions 
By using different bromine-containing flame retardants, resins, fabric and formulation 
for back-coating on polyester fabric, it remains a challenge to pass UK domestic 
furnishing flammability requirements (SMT) with dried add-ons lower than 200%. The 
major problem here is that polyester fabrics melt during the test forming a large hole in 
the fabric, thus allowing the flame to go through to the foam without preventing the 
ignition of this underlying material. The formulation should not only reduce the size of 
this hole but also reduce the ease of ignition of the underlying foam.  
Bromine-containing retardant, gas phase active, in the back-coating appeared to 
suppress the ignition of foam only while the foam melt withdrew behind the melting 
polyester fabric. In the absence of the resin char being able to prevent the hole in the 
polyester enlarging, eventually the foam edges became exposed to the igniting source 
and flaming became pronounced giving rise to a “fail”. 
The proposed addition of alumina to the formulation by Lubrizol as a means of 
addressing these issues was examined. Addition of ATH reduced the size of the hole 
formed and finally the back-coated polyester fabric passed the test with 250% add-on 
on the fabric. To reduce the %add-on on the fabric, higher area density fabric was 
studied. However, using higher area density did not show better results and flame 
retardant back-coated polyester fabric failed the test even with a considerable amount 
of bromine content on the fabric. 
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The small-scale simulated match test introduced by Mydrin company was calibrated for 
polyester fabric. A commercial flame retardant polyester fabric has been tested for both 
the BS 5852: Source 1 (match test), simulated match test (SMT), and the result showed 
that the flame retardant treated polyester fabric passed the BS 5852 but did not pass 
the simulated test.  
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CHAPTER 7:  FLAME RETARDANT SOL-GEL TREATED COTTON FABRICS BY 
USING TETRAETHYLORTHOSILCATE (TEOS) AS SILICA PRECURSOR 
 
7.1 Introduction  
Whilst cotton is the most commonly used natural fibre for domestic furniture, it is also 
a highly combustible material. Traditionally, halogen based compounds have been used 
as flame retardants. However, it brings the environmental concern of using these 
chemicals because of their possible hazards to the environment.  
More recently developed novel techniques, including the sol-gel method, have 
demonstrated the improvement of flame retardancy and thermal stability of textile 
fabrics [1 - 3] (see Section 2.9.1). The process for the sol-gel formation is in two distinct 
phases - hydrolysis and polycondensation reaction. This process can result in the 
formation of a hybrid organic-inorganic coating on cotton fabrics. In the previous sol-gel 
studies [1, 4] the optimisation of the sol gel treatment has been examined by adjusting 
the different process parameters such as silica precursor type, silica precursor:water 
molar ratio and thermal treatment conditions. However, there is no work done to 
investigate these parameters aiming to improve the flame retardancy of cotton fabric 
and meet the demand of the UK test standards for furnishing fabrics. Furthermore, only 
a few studies have studied the water-soak durability of fabrics finished with these novel 
treatments [5]. This work investigates aiming to develop the novel sol-gel treatment on 
cotton fabric and improve the water-soak durability of sol-gel treated cotton fabrics and 
whether they meet the demand of the UK test standards for furnishing fabrics.  
In this chapter, initially the untreated 100% cotton fabric was subjected to sol-gel 
treatments using tetraethylorthosilcate (TEOS) as a silica precursor to improve the flame 
retardancy of cotton fabric and different drying condition has been assessed. 
Furthermore, an assessment has been made of the addition of two non-durable 
commercial flame retardants, diammonium phosphate and urea, and whether the sol-
gel treatment could improve their respective water-soak durabilities (using the 
obligatory 30 min water-soak at 40 °C required by UK regulation [6]). Finally, the sol-
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gel/FR-treated cotton fabrics were investigated to meet the demand of the UK “match” 
test standards for furnishing fabrics after water-soaking. 
The mechanistic of the selected samples from this chapter will be discussed in chapter 
9.  
 
7.2 Sol-gel treatment on the cotton fabric by using tetraethylorthosilcate (TEOS) 
alone 
In this part, an investigation on the possibility of obtaining the formation of silica 
particles on the cotton fabric was initiated. Silica phases were synthesized on the 100% 
cotton fabric by the sol-gel process using tetraethylorthosilicate (also referred to as 
tetraethoxysilane or TEOS) as a silica precursor. The pure silica phase was prepared via 
hydrolysis after mixing TEOS, distilled water and ethanol in a 1:2 of TEOS:H2O molar ratio 
and EtOH/TEOS molar ratio=0.07 (this value is enough to ensure they mix regardless of 
the complete miscibility of the three liquids) by the impregnation and padding method 
(see Section 3.3.2). The TEOS:H2O ratios for this study were selected despite the 
evidence from available literature  [1, 4, 7]. Indeed, Sequeira states that the molar 
portion of water and TEOS is an essential element in the synthesis of siloxane 
prepolymers and that the water content influences the rate of TEOS hydrolysis. 
Therefore it would appear the best TEOS:H2O molar ratio is 1:2 [7]. 
 
7.2.1 The effect of different drying temperature  
It is the intention of this research to thoroughly investigate several aspects of the sol gel 
process to optimise its application procedure for cotton textiles whilst also delivering 
optimal flame retardancy and thermal stability performance. In the pursuit of this 
optimisation, one such variable that has been investigated is drying temperature. The 
development of the compact protective silica film around the cotton fibres if reliant 
upon the drying process; drying is the first and most important step of the sol gel 
process. 
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According to the Alongi [4], for the sol gel process, drying in an oven at 80 °C for 15 hours 
produces the highest performing cotton fabrics. However, in this part, we have studied 
both 80 °C and also lower temperature to reduce the speed of silica forming on the 
cotton fabric and whether forming silica coating on the cotton fabric in room 
temperature could improve the flame retardancy performance of cotton fabric.  
Therefore, the samples were treated in two different conditions; 80 °C for 15 h in an 
oven and room temperature for 15 h. Subsequently dried fabrics were cured at 130 °C 
for 5 min. The code C-T represents cotton treated with TEOS only. 
Two samples treated in different conditions were tested using a horizontal burning rate 
test (see Section 3.4.1.3) and compared with the untreated cotton, which burnt entirely 
leaving only a slight ash residue (Figure 7.1). The results are reported in Table 7.1 and 
Figure 7.1 showing the charred C-T sample residues of both samples.  
 
Table 7.1: Burning rate of sol-gel treated fabric in comparison with the reference cotton. 
Samples Drying Temp/Time %Add-on Average burn rate 
(mm/s) 
Residue % 
Untreated Cotton --- 0 2.3 1.8 
C-T 80 °C/15 h 5.8 1.8 9.2 
C-T Room Temp/15 h 11 1.6 9.2 
 
According to Table 7.1, both sol-gel treated fabrics in comparison with the untreated 
cotton fabric leave more char residues and have lower average burning rates. Figure 7.1 
shows that while the effect of drying at ambient temperature increases the dry %add-
on, there is no evident change in the burning behaviour, both samples have the same 
percentage of residue and minor average burn rate differences. However, the samples 
dried at 80 °C with around 50% less %add-on shows almost the same burning behaviour 
as the sample dried in room temperature with higher %add-on. Consequently, we can 
conclude that 80 °C and 15 h are the optimal drying conditions for sol-gel treatment with 
TEOS. 
Chapter 7: Flame Retardant Sol Gel Treated Cotton Fabrics By Using Tetraethylorthosilcate (TEOS) As a 
Silica Precursor 
Sara Eivazi 149  
 
Sample  Drying Conditions Residue after burning rate test 
 
Untreated Cotton 
 
N/A 
 
 
C-T 
  
80 °C/15 h 
 
 
C-T 
 
Room Temp/15 h 
 
Figure 7.1: C-T sol-gel treated cotton fabric residue after horizontal burn testing for different 
drying temperatures compared with untreated cotton fabric. 
 
7.2.2 Water-soak durability of TEOS only treated fabrics 
In order to examine the water solubility of the pure silica phase alone, the TEOS solution 
was dried in the oven for 24 h at 80 °C and then mixed in distilled water. To measure the 
percentage solubility, the solution was filtered and the solid residue dried and weighed 
from which it was observed that 99% of the gelled TEOS was virtually insoluble in the 
water, which would suggest that any successful sol-gel treatment would have good 
water-soaking durability.  
In order to observe the water-soak durability of this sol-gel treated, C-T fabric, half of 
the treated sample in Table 7.1 that was thermally dried at 80 °C for 15 h, was soaked 
for 30 min at 40 °C in the required amount of distilled water and then rinsed with the 
same amount of distilled water (see Section 3.4.7). 
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The horizontal burning test results of the sample before and after the water-soak test 
are reported in Table 7.2 and compared with the untreated cotton fabric. According to 
Table 7.2 by comparing soaked and un-soaked sample results, the C-T fabrics lost most 
of the deposited silica after water-soaking and Figure 7.2 shows a reduced char in this 
burnt fabric sample. This result is despite of the result that shows 99% of the gelled TEOS 
was virtually insoluble in the water. The gelled TEOS formed on the cotton fabric has 
been reduced by around 54% after water-soaking.  
 
Table 7.2: Burning rate of sol-gel treated C-T fabric before and after water-soak test. 
Sample Description Water-soaking %Add-on  Average burn rate (mm/s) Residue % 
C before 0 2.3 1.8 
C-T before 4.1 1.5 14.5 
C-T after 1.9 2 5.4 
 
Sample  Water-soaking Residue after burning rate test 
 
C-T 
  
Before  
 
 
C-T 
 
After  
 
Figure 7.2: C-T sol-gel treated cotton fabric residue after horizontal burning test before and 
after water-soak test. 
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7.3 Treatment of cotton fabric with phosphorus- and nitrogen- containing flame 
retardant species 
To assess the effect of phosphorus- and nitrogen- containing flame retardant species on 
the sol-gel treatment, the synergistic combination of diammonium phosphate (DAP) and 
urea, were introduced as previously stated [8]. The flammability behaviour and the 
water-soak durability of cotton fabric treated with this flame retardant combination 
alone were investigated as below.  
A cotton fabric sample was treated with 5% diammonium phosphate (DAP) and 1% urea 
with respect to the distilled water by the impregnation and padding method (see Section 
3.3.2).  These levels would be sufficient to generate a measurable level of flame 
retardancy in the treated cotton sample yielding a phosphorus content of about 1.17%, 
a nitrogen content of about 1.52% and a N/P molar ratio =2.9~ 3. The samples were then 
thermally treated at 100 °C for 10 min and cured at 130 °C for 5 min. The samples were 
cut into the two pieces, one part was used later for subsequent sol-gel treatment and 
the other part cut again into the two pieces to test for flammability before and after 
water-soaking.  
Hereinafter, these treated cotton samples will be identified by using the code of the C-
DU representing both DAP and urea present on cotton fabric. The %add-on before and 
after the water-soak test and respective horizontal burning rate test results are recorded 
in Table 7.3. These show that the weight of fabric after soaking decreases 6% with 
respect to the unsoaked, treated C-DU fabric, which shows a very low water-soak 
durability of C-DU samples and the curing at 130 °C has not caused significant 
phosphorylation of the cotton by the DAP present.  
Residues left after the horizontal burning test for untreated cotton fabric and the C-DU 
fabric before and after water-soaking are shown in Figure 7.3. From Table 7.3 and Figure 
7.3, it is clear that almost all the flame retardant is washed from the fabric.  
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Table 7.3: Burning rates of phosphorus and nitrogen- containing flame retardant treated fabric 
(C-DU) before and after water-soaking. 
Sample Description Water-soaking %Add-on  Average burn rate (mm/s) Residue % 
C before 0 2.3 1.8 
C-DU before 6.5 Extinguished after 7s 96.8 
C-DU   after 0.5 2.1 2.8 
 
Sample  Water-soaking Residue after burning rate test 
 
C-DU 
  
Before  
 
 
C-DU 
 
After  
 
Figure 7.3: C-DU treated fabric residue after horizontal burning test before and after water-
soak test. 
 
7.4 Addition of phosphorus- and nitrogen- containing species during the sol-gel 
treatment of cotton 
To investigate the effect of the combination of silica prepared by sol–gel with 
phosphorus- and nitrogen- containing compounds, the above flame retardant 
combination diammonium phosphate (DAP) and urea, were added to the sol solution 
containing the silica precursor. Cotton fabrics were then impregnated and padded 
following the Section 3.3.2 procedure.  
These treated cotton samples were designated using the code C-DUT which stands for 
DAP, Urea and TEOS on cotton fabric.  
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7.4.1 The effect of different additional method of phosphorus- and nitrogen- 
compounds in the sol solution  
With the aim of investigating the effect of the addition of DAP/urea in the sol solution 
before or during silica preparation, the DUT formulations were introduced by two 
different additional methods: sequential and simultaneous treatment. 
Sequential treatment: here the cotton fabric was dipped in a DAP/urea solution 
(according to Section 7.3) and subsequently sol-gel treated according to the procedure 
described for TEOS in Section 7.2. Finally, the sample was dried in a gravity convection 
oven at 80 °C for 15 h and cured at 130 °C for 5 min.  
Simultaneous treatment: here DAP and urea were added to the sol solution during its 
preparation and the cotton fabric was treated as described in Section 7.2 (impregnation 
and padding) and finally dried at 80 °C for 15 h and cured at 130 °C for 5 min.  
Half of each finished treated fabric was soaked according to the water-soak test 
described in Section 3.4.7.   
Horizontal burning rate test results are summarised Table 7.4 and images of the burnt 
residues left are shown in Figure 7.4. 
It is evident from Table 7.4 and Figure 7.4, that simultaneous addition of DAP and urea 
with the TEOS solution during silica preparation shows increased percentage residues 
before and after water-soak test, but little change in average burn rate after soaking 
compared to the sequentially prepared samples. Both water-soaked samples also show 
no self-extinction when ignited in the horizontal burning test although char formation is 
clearly evident. It was concluded that the simultaneous treatment is the more promising 
method of combining phosphorus- and nitrogen- containing compounds with TEOS 
during the sol preparation to confer improved flame retardancy on cotton. From this 
point on, the simultaneous treatment method was selected as the chosen application 
method for the rest of this section of the project, except in Section 7.4.2 where the effect 
of increasing the DAP and urea concentrations are investigated.  
To compare the effect of the sol gel treatment on overall durability, the sample residue 
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of C-T sample after water-soaking of the test from Table 7.2 is 5.4% should then be 
subtracted from that of the C-DUT sample from Table 7.4 prepared by the simultaneous 
treatment method after water-soaking test with a value of 21.4% to indicate a possible 
DAP/urea-derived residue present of 16%. Furthermore, this strategy of performing a 
sol–gel treatment in the presence of otherwise non-durable phosphorus- and nitrogen- 
containing compounds enhances the flame retardancy of cotton in remarkable way. This 
novel treatment, therefore, demonstrates a significant degree of retained flame 
retardancy when the samples have been soaked for 30 min at 40 °C in distilled water.  
 
Table 7.4: Burning rate of phosphorus and nitrogen-containing finishes and sol-gel treated 
fabric before and after water-soak test. 
Addition 
method 
Sample Description Soaked %Add-on  Average burn rate (mm/s) Residue % 
 C Before 0 2.3 1.8 
Sequential C-DUT Before 10.9 Extinguished after 10s 96.9 
C-DUT  After 5.1 1.5 14.6 
Simultaneous C-DUT Before 22.6 Extinguished immediately 98.5 
C-DUT After 6.4 1.6 21.4 
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Sample  Addition method Water-soaking Residue after burning rate test 
 
C-DUT 
 
Sequential 
  
Before  
 
 
C-DUT 
 
Sequential 
 
After  
 
 
C-DUT 
 
Simultaneous 
  
Before  
 
 
C-DUT 
 
Simultaneous 
 
After 
 
Figure 7.4: C-DUT sol-gel treated fabric residue after horizontal burning test in different 
additional method before and after water-soak test. 
 
7.4.2 The effect of different concentrations of phosphorus- and nitrogen- compounds 
flame retardants present 
With the aim of investigating the effect of the flame retardant concentration on the 
flame retardancy behaviour of finished fabric and water-soak durability of fabric, 
diammonium phosphate and urea concentrations were increased from 5 and 1% to 10 
and 2% respectively. The cotton fabric was treated with exactly the same procedure as 
described in Sections 7.2 and the half of the fabric, which initially was treated by 
DAP/Urea, was sequentially treated with the TEOS solution. Horizontal burning rate test 
results are shown in Figure 7.5 and results compared with the results from previous 
relevant sections with 5% DAP and 1% Urea (from Tables 7.3 and 7.4) in Table 7.5. 
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Table 7.5: Comparison of horizontal burning rate test for cotton treated with different 
DAP/Urea concentrations. 
Flame retardant % Sample 
Description 
Soaked %Add-on Average burn rate (mm/s) Residue % 
---- C Before 0 2.3 1.8 
 
5% DAP 1% Urea 
C-DU* Before 6.5 Extinguished after 7s 96.8 
C-DU*  After 0.5 2.1 2.8 
C-DUT** Before 10.9 Extinguished after 10s 96.9 
C-DUT** After 5.1 1.5 14.6 
 
10% DAP 2% Urea 
C-DU Before 14.7 Extinguished immediately 98.3 
C-DU  After 1.7 1.8 5.0 
C-DUT Before 17.3 Extinguished immediately 98.5 
C-DUT After 4.5 2.0 20.6 
  *results from Table 7.3     **results from Table 7.4  
 
According to Table 7.5, by increasing diammonium phosphate and urea concentration 
from 5 and 1% to 10 and 2% respectively, the dried %add-on was increased for both C-
DU and C-DUT treated samples (from 6.5 to 14.7% for C-DU and from 10.9 to 17.3% for 
C-DUT). By increasing the DAP and urea concentration, the residue % after burning for 
water-soaked samples has increased from 14.6 to 20.6% for C-DUT samples, but the 
average burn rate has increased slightly. However, by increasing DAP and urea 
concentration, the fabric discoloured to yellowish hue. Because increasing flame 
retardant concentration has not greatly improved in flame retardancy of fabric in terms 
of char residue and had a negative effect on burning rate, these factors, coupled with 
the fabric yellowing, promoted the decision to maintain the concentration of DAP and 
urea 5 and 1% respectively in future experiments.  
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Sample  DAP 
percentage 
Urea 
percentage 
Water-
soaking 
Residue after burning rate test 
 
C-DU 
 
 5% 
 
1% 
  
Before  
 
 
C-DU 
 
5% 
 
1% 
 
After  
 
 
C-DUT 
 
10% 
 
2% 
  
Before  
 
 
C-DUT 
 
 10% 
 
2% 
 
After 
 
Figure 7.5: C-DU and C-DUT treated fabric residue after horizontal burning test with DAP and 
urea concentration of 10% and 2% respectively before and after water-soak test. 
 
7.4.3 The effect of different sol-gel application methods to the fabric 
This work was undertaken to see whether different methods of applying the sol-gel 
treatment would improve the adhesion of the coating to the surface of the cotton fabric 
and thus its performance in the water-soak test thoroughly investigated and the 
efficiency of each deposition method for homogeneously covering the cotton fibres has 
been evaluated. The methods of surface treatment chosen were: impregnation and 
padding and spraying methods.  
Impregnation and padding: the cotton fabrics were impregnated in the DUT solution 
(with simultaneous addition of DAP and urea in the sol solution during the silica 
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preparation) and padded as described in Section 3.3.2. Padded samples were finally 
dried for 15 h at 80 °C and then cured for 5 min at 130 °C. 
Spraying: The DUT solution (prepared by the simultaneous addition method) was 
vertically sprayed on both sides of cotton fabric (see Section 3.3.2) and dried at 80 °C for 
15 h and cured at 130 °C for 5 min.  
Half of each fabric sample was water-soaked and horizontal burning test results before 
and after water-soaking are given in Table 7.6 and Figure 7.6. 
 
Table 7.6: Comparison of horizontal burning test results for different C-DUT sol-gel application 
methods. 
Application 
method 
Sample Description Soaked %Add-on  Average burn rate (mm/s) Residue % 
 C Before 0 2.3 1.8 
Impregnating 
and padding 
C-DUT Before 20 Extinguished immediately 98.0 
C-DUT  After 6 1.7 20.1 
Spraying C-DUT Before 23.6 Extinguished immediately 98.5 
C-DUT After 9.4 1.2 23.4 
 
As shown in Table 7.6, using the spraying application method, the dried %add-on has 
increased from 20.1% to 23.6%. However, after water-soaking, the %mass loss is about 
14% for both samples which represents 70% mass loss of the original total add-on for 
the impregnated sample and 60% for the sprayed sample. Thus, it is clear that the 
spraying method improves the char percentage left slightly and also a reduced average 
burn rate after soaking if compared with impregnation application method.  
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Sample  Application method Water-soaking Residue after burning rate test 
 
C-DUT 
 
Impregnating and 
padding 
  
Before  
 
 
C-DUT 
 
Impregnating and 
padding 
 
After  
 
 
C-DUT 
 
Spraying  
  
Before  
 
 
C-DUT 
 
Spraying 
 
After 
 
Figure 7.6: C-DUT sol-gel treated cotton fabric residues after horizontal burning testing with 
different application method before and after water-soak test. 
 
When comparing the spraying and padding methods, the results show that the spraying 
application provided the deposition of a more homogeneous and consistent silica. 
Furthermore, the pressure of the spraying methods penetrates more flame retardant 
onto the cotton fabric and this configuration can be more effective. Consequently, in 
terms of flame resistance, the spraying method is most effective; it has resulted in a 
significant increase in the total burning time and final residue as shown in the 
flammability tests (Table 7.6 and Figure 7.6). 
Furthermore, both samples treated by padding and spraying methods show slight 
discolours of the fabric, giving a yellow coloured finish to the fabric as consequence of 
using DAP and urea. This will be discussed more in section 7.4.5, to see if we can reduce 
the yellowish by using spray only on the back of fabric (one side spray).  
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7.4.4 The effect of different curing temperatures of sol-gel treated cotton fabrics 
According to the discussions in Sections 7.4.1 and 7.4.3, simultaneous addition of flame 
retardants (DAP and urea) in the sol solution during the silica preparation and use of a 
spraying method gave the best results with respect to the water-soak test and horizontal 
burning test. As a consequence, in this part, simultaneous addition and spraying 
application methods were chosen as the selected methods. In addition, samples dried 
at 80 °C for 15 h had exhibited a better flame retardancy behaviour (see also Section 
7.2.1). To increase the dried %add-on on the fabric, sol-gel solution was sprayed on to 
the fabric twice. Therefore, the DUT solution was initially sprayed on to the fabric and 
then dried for 15 h at 80 °C. The second layer of DUT solution was sprayed on the first 
layer and again dried at 80 °C for 15 h. The sol-gel treated cotton fabric was sub-divided 
into a number of pieces to enable each to be subjected to different curing temperatures 
of 130 °C, 140 °C, and 150 °C.  
Half of each cured sample was water-soaked and then horizontal burning tests 
undertaken and the results for before and after water-soaking are given in Table 7.7.  
By increasing the number of coating layers, %add-on increased obviously in comparison 
to the previous tests. With regard to the effect of curing temperature, it can be seen 
that increasing the curing temperature does not result in a significant difference in terms 
of increased %residue and reduced average burn rate although retention of the original 
add-on after water-soaking increases from 35 to a maximum value of 42% as the 
temperature increases from 130 to 140 °C. Increasing curing temperature to more than 
140 °C, increased the yellow discolouring on the fabric. 
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Table 7.7: Comparison of horizontal burning test results for different curing temperatures of C-
DUT sprayed fabrics. 
Curing 
Temperature 
Sample Description Soaked %Add-on  Average burn rate (mm/s) Residue % 
 C Before 0 2.3 1.8 
130◦C C-DUT Before 54 Extinguished immediately 98.0 
C-DUT  After 35 1.50 39 
140◦C C-DUT Before 54 Extinguished immediately 98.5 
C-DUT After 42 1.37 35.0 
150◦C C-DUT Before 54 Extinguished immediately 98.0 
C-DUT After 42 1.42 37.0 
 
7.4.5 Comparison of single and double sided spray application  
As previously noted, the phosphorus- containing flame retardant, DAP, during sol-gel 
treatment discolours the fabric slightly, giving a yellow coloured finish to the fabric as a 
consequence of its starting to sensitise the char-forming reactions of cellulose. Sol-gel 
coating by spraying on one side of fabric can be an effective method to reduce the 
yellowing on the front face of fabric. In order to study the difference between flame 
retardant behaviour of the sol-gel solution applied to either one or two sides of the 
fabric, two samples were to be treated with the same sol-gel treatment method 
described in Section 7.4.4, such that one was subjected to a one side spraying 
application and the other one, a two sided spraying application. These were then 
examined by the horizontal burning and LOI test methods before and after water-
soaking and the results are summarised in Table 7.8.  
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Table 7.8: Comparison of horizontal burning test and LOI results for one sided and two sided 
spray coating of C-DUT fabrics. 
Spraying  Sample 
Description 
Soaked %Add-on  Average burn rate 
(mm/s) 
Residue% LOI vol 
% 
 C Before 0 2.3 1.8 17.1 
One sided C-DUT Before 19 1.4 40 24.4 
C-DUT  After 7 1.5 31 17.8 
Two sided  C-DUT Before 36 Extinguished immediately 97 66.1 
C-DUT After 20 1.7 39 22.6 
 
As expected, the %add-on with only one side sol-gel coating is almost half of the %add-
on with two sided treatments and this difference is also reflected in the different burning 
behaviours before water-soaking. However, after water-soak test, mass loss for one side 
coated sample is almost 63% of the original value, but the two-sided coated sample has 
lost 44% of the original mass after water-soak test. The average burning rate for the one 
side coated sample after water-soak test (7% add-on), however, is less than for the two 
sided coated sample after water-soak test with higher %add-on (20%). However, the 
residue char % and LOI vol % values are higher for two sided sol-gel coated but are each 
considerably less than the respective unsoaked fabrics (see Figure 7.7). The one side 
coated sample is also has less yellow colour on the untreated side of sample if compared 
with two sided coated sample on which both sides were discoloured. 
 
7.5 Flammability testing over PU foam (simulated match test (SMT)) 
Flammability testing over PU foam using the simulated match test (see Section 3.4.1.1) 
of the cotton fabric treated with only TEOS (C-T sample), samples treated with DAP and 
urea only (C-DU sample) and the best performing C-DUT samples from Section 7.5.4 
before and after water-soaking test were undertaken and results presented in Table 7.9. 
These results show that while sol-gel-treated cotton fabric with only TEOS improved the 
flame retardancy of fabric (see Section 7.2.1), it is not enough to meet the domestic 
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simulated match test requirements of the UK furnishing regulations even before water-
soaking. Cotton fabric treated with DAP and urea shows a better performance to the 
SMT and the sample passes the test before water-soaking but after water-soaking, it has 
failed. Furthermore, the double sided; sprayed C-DUT sample did not achieve a pass 
after water-soak and fully burnt in less than one min. According to Table 7.3 and 7.8, 
additional TEOS to DAP and urea and using sol-gel technique improved the water-soak 
durability of the cotton treated fabric, but it is not still enough for the C-DUT sample to 
pass the SMT.  
 
Sample  Spraying  Water-soaking Residue after burning rate test 
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One sided 
  
Before  
 
 
C-DUT 
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Figure 7.7: C-DUT sol-gel treated cotton fabric residues after horizontal burning test for single 
and double sided spray application samples before and after water-soaking. 
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Table 7.9: Simulated match test results for the best performance DUT treated cotton fabric 
compared with C-T and C-DU samples before and after water-soaking. 
 
 
Sample 
Simulated match test 
Before water-soak After water-soak 
Afterflame 
time (s) 
Fabric damage 
length (mm) 
Foam damage 
depth (mm) 
Afterflame 
time (s) 
Fabric damage 
length (mm) 
Foam damage 
depth (mm) 
C-T Fully burnt ---- ---- Fully burnt ---- ---- 
C-DU 10 180 19 Fully burnt ---- ---- 
C-DUT 1 170 17 Fully burnt ---- ---- 
 
7.6 Conclusions 
To attempt to develop a non-halogen-treated, flame retardant cotton fabric for UK 
domestic applications, the sol-gel method has been studied. Sol-gel treatment of 100% 
cotton fabric by using tetraethylorthosilicate (TEOS) as a silica precursor is known to 
form a silica coating on the cotton fibres, which acts as a physical heat barrier on the 
fabric surface thereby delaying its combustion and enhancing cellulose carbonisation. 
However, the results showed that while the sol-gel treatment reduced the flammability 
of the fabric, the reduction was not enough to pass the simulated match test where the 
treated fabrics are tested over non-flame retarded polyurethane foam.  
Furthermore, TEOS has been successfully combined with the use of phosphorus- and 
nitrogen- containing flame retardants so that it will improve the flame retardancy of 
cotton fabrics and to establish if it can provide a synergistic effect on the two 
components. To this end, two conventional phosphorus- and nitrogen- containing flame 
retardants (diammonium phosphate and urea) were considered. The horizontal burning 
test has demonstrated that this approach of applying a sol-gel treatment in the presence 
of a suitable phosphorus- and nitrogen- compound, significantly enhanced the flame 
retardancy of the cotton. Diammonium phosphate and urea added to the sol-gel 
formulation improved the overall flame retardancy of the fabric by enhancing char 
formation while the silica physical barrier prevents its access to oxygen and hence 
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reduces its ease of combustion. While these DU-modified sol-gel treatments enabled 
fabric to pass the simulated match test before water-soaking, after this test, samples 
failed. 
Different means of the addition of flame retardants and silica precursor, flame retardant 
percentages, application methods and also drying and curing temperatures (and 
durations) were thoroughly investigated in order to optimise the procedure. Horizontal 
burning test results have proved that the most effective method for combining the two 
formulas is to mix them during the sol-gel preparation (known as the simultaneous 
addition method). Furthermore, it has been established here that the spraying the sol-
gel solution is the most effective application method; it provides a more homogenous 
deposition sample and a higher penetration of the fabric which in turn results in a 
greater flame retardancy for the cotton. The results from the horizontal burning tests 
have shown that cotton fabrics in the sol gel process are cured at 140 °C for 5 min 
provide not only the best flame retardancy performance but also have less yellow 
discolouration on the fabric. 
 Finally, it has been demonstrated here that whilst silica coating does improve the water-
soak durability of DAP and Urea, it is not sufficient to adhere to the UK furnishing 
regulations (i.e. BS 5852 - the simulated match test). 
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CHAPTER 8:  SOL-GEL TREATMENT ON THE COTTON FABRIC BY USING 
TETRAETHYLORTHOSILCATE (TEOS) AND POLYDIMETHYLSILOXANE 
(PDMS) 
 
8.1 Introduction 
Polydimethylsiloxane (PDMS) belongs to a group of polymeric organosilicon compounds 
that are commonly referred to as silicones and is associated with possessing a 
hydrophopbic property which may, therefore, improve the resistance of an applied sol 
gel treatment to removal during water-soaking [1, 5]. In this chapter, the effect of adding 
PDMS to the sol solution has been studied and whether PDMS could increase the flame 
retardancy of fabric as well as improving the water-soak durability. 
To investigate the best application method and drying and curing temperature for this 
formulation, different conditions were studied and are discussed in this chapter. 
   
8.2 The effect of different application methods  
The first experiments using PDMS and TEOS together were carried out to investigate 
which application method used in the section 7.4.3 investigations would be the best to 
improve the water-soak performance of the sol-gel treated cotton fabrics.  
Two different application methods, impregnation and spraying were chosen for this 
investigation. Initially, the 20% PDMS with respect to TEOS was added simultaneously 
to the sol-gel solution (5% DAP and 1% Urea with respect to TEOS). Then, two samples 
of cotton fabrics were treated as described in section 7.4.3, one by impregnating and 
padding method and one with spraying on both side of fabric and finally dried at 80 °C 
for 15 h and cured at 140 °C for 5 min. The treated cotton samples with phosphorus and 
nitrogen-containing finishes and TEOS & PDMS sol-gel treatments will be identified by 
using the code of the C-DUTP which stands for DAP, Urea, TEOS and PDMS respectively 
present on cotton fabric. 
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The horizontal burning and simulated math test (SMT) results for each sample before 
and after water-soaking are shown in Table 8.1 and figure 8.1.   
 
Table 8.1: Horizontal burning test and SMT results for C-DUTP with different application 
methods. 
Addition 
method 
Sample 
Description 
Water-
soaking 
%Add-on  Average burn rate 
(mm/s) 
Residue 
% 
SMT observation 
 C Before 0 2.3 1.8 Fully burnt in 1 
min 
Impregnating 
and padding 
C-DUTP Before 37 Extinguished 
immediately 
98 Passed 
C-DUTP After 33 1.25 35 Fully burnt in 3 
min 
Spraying C-DUTP Before 43 Extinguished 
immediately 
97 Passed  
C-DUTP After 26 1.5 25 Fully burnt in 2 
min 
 
The spraying method increased the dried %add-on on the cotton fabric, but the mass 
loss after watering for the impregnation method is less than for the spraying method (ie 
an add-on reduction of 4% (equivalent to 11% mass loss) versus 17% reduction 
(equivalent to  40% mass loss) respectively. This result suggests that by using an 
impregnation application method, that the sol-gel solution penetration into the fabric is 
enhanced which might be the reason for the increased the water-soak durability of the 
finished fabric. Horizontal burning test residue % and average burning rate results also 
show that the impregnation application method sample gives a better performance 
after water-soaking when compared with spray application. However, with an average 
burning rate 1.25 mm/s and 35% char residue left. The picture of the samples residue 
after water-soak in Figure 8.1 shows whiter char formation for the padded sample 
compared with the sprayed sample, which could show more absorption of silica on the 
fabric by padding method. However, the padded fabric still has a poor simulated match 
test performance after water-soak. 
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Sample  Application 
method 
Water-
soaking 
Residue after burning rate test 
 
C-DUTP 
 
Impregnating and 
padding 
  
Before  
 
 
C-DUTP 
 
Impregnating and 
padding 
 
After  
 
 
C-DUTP 
 
Spraying  
  
Before  
 
 
C-DUTP 
 
Spraying 
 
After 
 
Figure 8.1: C-DUTP sol-gel treated cotton fabric residues after horizontal burning testing with 
different application method before and after water-soak test. 
 
8.3 The effect of different curing temperature 
According to discussions in the last sections, simultaneous addition of flame retardants 
(DAP & urea) in the sol solution (TEOS & PDMS) during the silica preparation and use of 
an impregnating and padding method for DUTP formulation gave the best results with 
respect to the water-soak test and horizontal burning test results. As a consequence, in 
this section, simultaneous addition and impregnation application has been chosen as 
the best method. The sol-gel treatment procedure on the cotton fabric was kept as 
described in the last section (dried at 80 °C for 15h) but different curing temperatures 
(130 °C, 140 °C, and 150 °C) were investigated [6].  
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As with samples prepared in other sections, half of each sample was soaked and 
horizontal burning test results before and after water-soaking were undertaken and the 
results are given in Table 8.2.  
By increasing curing temperature from 130 °C to 140 °C, the %add-on after water-
soaking increased from 26 to 35%. Subsequently, in horizontal burning test, the average 
burn rate decreased (from 1.5 to 1.2 mm/s) and %residue increased (from 25 to 30%). 
However, increasing curing temperature to 150 °C did not further improve either the 
%add-on after water-soaking and or the horizontal burning test results.  
 
Table 8.2: Comparison of horizontal burning test results for C-DUTP samples with different 
curing temperatures. 
Curing 
Temperature 
Sample Description Water-soaking %Add-on  Average burn rate (mm/s) Residue % 
--- C Before 0 2.3 1.8 
130 °C C-DUTP Before 43 Extinguished immediately 97 
C-DUTP After 26 1.5 25 
140 °C C-DUTP Before 43 Extinguished immediately 98 
C-DUTP After 35 1.2 30 
150 °C C-DUTP Before 43 Extinguished immediately 98 
C-DUTP After 32 1. 2 32 
 
8.4 Optimisation of the C-DUTP sol-gel treatment 
The sol-gel treatment of phosphorus- and nitrogen- containing flame retardants (DAP & 
urea) with silicon precursor (TEOS) and PDMS on cotton fabric gave a better water-soak 
test performance. However, the C-DUTP samples still do not meet the demand of the 
UK test standards for furnishing fabrics in terms of their failure of the simulated match 
test (SMT). In this section, the effect of different drying and curing temperatures and 
durations are reported for DUTP formulations and their influence on the flammability 
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behaviour after water-soaking investigated [6, 7]. As concluded in section 8.2, the 
impregnation method performed as a better application method for the DUTP 
formulation. Consequently, the sol-gel treatment procedure was kept the same for each 
fabric (according to section 8.2) but different drying and curing temperatures and 
durations were investigated. The first sample fabric was dried at 80 °C for 15h and cured 
at 140 °C for 5 min; a second sample was dried at 110 °C for 10 min and cured at 150 °C 
for 5 min. The DAP; and PDMS percentages with respect to TEOS were kept as 5, 1 and 
20% respectively. 
Horizontal burning, LOI and SMT were undertaken and results collected in Table 8.3.  
 
Table 8.3: Comparison of horizontal burning test, LOI and SMT results for C-DUTP samples 
subjected to different drying temperatures and durations. 
temp & duration Water-
soaking 
Add-on 
% 
Horizontal burning test Simulated match test 
drying curing Average burn 
rate (mm/s) 
Residue % LOI vol % Afterflame 
time (s) 
Fabric damage 
length (mm) 
Foam damage 
depth (mm) 
80◦C  
(15 h)  
140◦C 
(5 min) 
Before 37 Extinguished 
immediately 
98 45 0 150 12 
After 33 1.25 35 22.1 Fully burnt ---- ---- 
110◦C 
(10 min)  
150◦C  
(5 min) 
Before 42 0.98 40 28.5 0 130 10 
After 36 1.15 40 25.1 1 160 12 
 
The sample dried at 80 °C in Table 8.3 shows a better burning performance (in terms of 
self-extinguishability) before water-soaking if compared with the sample dried at 110 
°C. This sample also has a higher %residue after the horizontal burning test and a higher 
LOI value (~45 vol %). However, flammability tests results after water-soaking show that 
the strategy of performing a sol–gel treatment with an increased drying temperature 
promotes an improvement in the water-soak durability of cotton in remarkable way.  
Samples which were dried at 110 °C for 10 min and cured at 150 °C for 5 min passed the 
SMT after the water-soak test. Therefore, with this result, the goal in this chapter of the 
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project has been achieved in that the sol-gel treated cotton textile fabric can most 
probably meet the demand of the UK test standards for furnishing fabrics after being 
subjected to the water-soak test.  
The experiments for the sample passed the simulated match test after water-soak test 
were repeated three more times in order to ensure reproducible and are reported in 
Table 8.4. All three sol-gel treated samples with DUTP formulation passed the SMT after 
water-soak test. These results prove the repeatability of the formulation. 
 
Table 8.4: Reproducible of C-DUTP formulation samples. 
   
 
Sample  
Add-on % After water-soaking test 
Simulated match test 
Before water-
soaking 
After water-
soaking 
Afterflame time 
(s) 
Fabric damage 
length (mm) 
Foam damage 
depth (mm) 
C-DUTP-1 40 35 1 150 11 
C-DUTP-2 31 20 3 150 12 
C-DUTP-3 30 26 2 160 13 
 
8.5 The effect of varying PDMS concentration 
As outlined in the previous section, by adding the phosphorus- and nitrogen- containing 
flame retardants (diammonium phosphate and urea) to the sol-gel bath (TEOS & PDMS), 
and subjected to an optimised particular thermal treatment chosen (dried at 110 °C and 
cured at 150 °C) by using impregnating and padding application method, the sample 
passed the SMT after a water-soak test.  
The formulation for this specific sample includes 5% DAP, 1% urea and 20% PDMS with 
respect to TEOS. To analyse the PDMS’s role in this formulation, the DAP and urea 
concentration were kept as described above but different PDMS concentrations (8, 10, 
20 and 30% with respect to TEOS) were investigated.  
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Samples were subjected to the SMT, LOI and thermogravimetric analysis (TGA) in air was 
investigated after water-soak testing and the results are discussed as below. 
 
8.5.1 Flammability tests of varying PDMS concentration in the DUTP formulation 
The flame retardancy properties and changes in fire performance on varying PDMS 
concentration (8, 10, 20 & 30% with respect to TEOS) in the DUTP formulation on the 
cotton substrate were studied using SMT and LOI tests and results are reported in Table 
8.5. 
Table 8.5: SMT and LOI results for sol-gel treated cotton fabric with different PDMS 
percentage. 
 
 
PDMS % 
Add-on % After water-soaking test 
Simulated match test  
LOI vol 
% Before water-
soaking 
After water-
soaking 
Afterflame 
time (s) 
Fabric damage 
length (mm) 
Foam damage 
depth (mm) 
8 26 14 Fully burnt --- --- 21.8 
10 26 17 4 160 13 22.3 
20 31 20 3 150 12 22.5 
30 34 22 1 130 10 23.1 
 
As shown in Table 8.5, the C-DUTP samples with different PDMS contents (10, 20 & 30%) 
all passed the SMT after water-soaking. However, 8% PDMS content did not pass the 
SMT and 10% PDMs concentration may therefore be considered as the minimum PDMS 
concentration required for the DUTP-treated cotton fabric.  
The afterflame time, fabric damage length and foam damage depth all reduced as the 
PDMS percentage increased. In addition, it is noted that by increasing the PDMS %, the 
LOI value has also increased, but not significantly.  
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8.5.2 Thermal analysis of varying PDMS concentration in the DUTP formulation 
The thermal stability of the formulations discussed in Table 8.5 for samples after water-
soaking test were investigated by thermogravimetric analysis in air (Table 8.6 & Figure 
8.2). The TGA responses for each sample in air (sample mass of ~10mg, heat rate of 10 
°C/min and 100 cc/min flow rate in air) are recorded as shown in Figure 8.2. 
The sol-gel treated fabric from 10% to 30% PDMS exhibits an increase of the residue 
formation between 400 and 550 °C, (Table 8.6) but in the lower temperature region 
(~290 °C), char formation is more with a lower PDMS % which is more similar to 
untreated cotton that has 90% residue. 
 
Table 8.6: TGA data of sol-gel, C-DUTP-treated cotton with varying PDMS percentages after 
water-soaking. 
Samples PDMS % Tonset                  
(5% weight 
loss)  
T
a
max1
, (°C) T
a
max2
, (°C) 
Residue at 
290 °C, (%) 400 °C, (%) 550 °C, (%) 
C-untreated --- 252 338 463 91 20 1 
C-DUTP 10% 234 295 487 73 33 9 
C-DUTP 20% 239 292 486 68 38 14 
C-DUTP 30% 232 285 487 63 41 18 
a exothermic peak  
 
The cotton decomposes in three stages: firstly (300 – 400 °C) this involves two 
competing pathways, that create aliphatic char and volatile products; in the second and 
third stages (400 – 800 °C), some aliphatic char converts to aromatic char, resulting in 
accompanying CO and CO2 evolution as a result of simultaneous carbonisation and char 
oxidation. In the present work, two decomposition steps are observed between 300 and 
500 °C [8 -10]. It is possible that the decomposition of PDMS may influence these 
processes but further work would be required to demonstrate any such effect. 
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8.6 Comparison of sol-gel treated cotton fabrics with and without PDMS 
In order to compare two sol-gel formulations, with and without PDMS, initially the flame 
retardancy properties of the sol-gel prepared cotton fabrics were dignified through two 
different flammability tests; horizontal burning test and simulated match test.   
The C-DUT formulations, did not show sufficient water-soak durability to pass SMT (see 
chapter 7), unlike the C-DUTP formulations containing PDMS which passed the 
simulated match test after water- soaking. In this section, flammability tests for both 
sol-gel formulations, C-DUT and C-DUTP, were studied and compared.  
The treatment process for both samples, C-DUT and C-DUTP, were kept the same 
(simultaneous addition of flame retardants with silica precursor, dried at 80 °C for 15 h, 
and cured at 140 °C for 5 min). Both formulations were applied to the cotton fabric once 
by impregnation and once by spraying. Horizontal burning and SMT tests results are 
given in Table 8.7 before and after water-soaking and compared with untreated cotton 
fabric. 
From the data in Table 8.7, it is obvious that adding PDMS in the sol-gel treatment 
increases the durability of water-soaked, treated fabric. %Mass loss for C-DUT sample 
(impregnation method) after water-soaking is 48%, which for the similar sample with 
the addition of PDMS, namely C-DUTP is only 11%. Furthermore, the C-DUTP sample 
performance is better after water-soaking as observed by comparing the average 
burning rates. Additionally, the final residue for C-DUTP cotton fabric is higher than that 
of the C-DUT sample. As shown also in Table 8.7, the spraying method is the better 
method for applying the DUT formulation and impregnation is the better method for 
applying the DUTP formulation. 
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(a) 
 
(b) 
Figure 8.2: Thermal stability responses of sol-gel treated C-DUTP cotton fabrics with varying 
PDMS percentages; (a) TGA (___) and DTA (---) results and (b) TGA (___) and DTG (---) responses. 
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Table 8.7: Horizontal burning test and SMT results for C-DUT and C-DUTP treated fabrics with 
different application methods. 
Application 
method 
Sample 
Description 
Water-
soaking 
%Add-on  %mass loss Horizontal burning test  
Average burn rate 
(mm/s) 
Residue% SMT 
--- C Before 0 --- 2.3 1.8 Fully burnt 
in 1 min 
Impregnation C-DUT Before 11.5 --- Extinguished after 6s 96 Passed 
C-DUT After 6 48 2.15 19 Fully burnt 
in 1 min 
Spraying C-DUT Before 14.3 --- Extinguished after 28s 88 Passed 
C-DUT After 8.3 42 1.31 22 Fully burnt 
in 1 min 
 
Impregnation 
C-DUTP Before 37 --- Extinguished 
immediately 
98 Passed 
C-DUTP After 33 11 1.25 35 Fully burnt 
in 3 min 
 
Spraying 
C-DUTP Before 43 --- Extinguished 
immediately 
97 Passed  
C-DUTP After 26 40 1.5 25 Fully burnt 
in 2 min 
 
Figure 8.3 shows images of the residues left after the horizontal burning test for both 
formulations (C-DUT and C-DUTP) with the best application method for each 
formulation. As it can be seen from Figure 8.3, while both unsoaked samples show a 
small charred region following self-extinction, the images of the water-soaked samples 
are quite different with a greyish-white residue evident on the C-DUTP sample 
suggesting the formation of a silica-based, ceramic barrier as a consequence of the 
PDMS in the formulation.  
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Figure 8.3: Sol-gel treated cotton fabric residues after the horizontal burning test for C-DUT 
formulation with spraying method and for C-DUTP formulation with impregnating and padding 
method before and after water-soaking test. 
 
8.7 Conclusions 
In attempts to improve water-soak durability, polydimethylsiloxane (PDMS) belonging 
to a group of polymeric organosilicon compounds was introduced and added to the sol-
gel formulation to improve the hydrophobicity of the overall treatment. Initially, 20% 
PDMS was added to 5% DAP and 1% urea (concluded in chapter seven) (all percentages 
with respect to TEOS) and C-DUTP sample were prepared.  
Different application methods, drying and curing temperatures and durations were 
investigated. In the specific formulation of DUTP which included simultaneous addition 
of flame retardants and silica precursor, using the impregnation method of application, 
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drying at 110 °C for 10 min and curing at 150 °C for 5 min gave the most durable sample. 
This passed the simulated match test after water-soaking.  
This sample was reproduced for three times and the test results show the reproducibility 
of the sample. To study the properties and effect of PDMS in the formulation, varying 
PDMS concentration (8, 10, 20 & 30% with respect to TEOS) in the DUTP formulation on 
the cotton substrate were studied and the results from SMT show that from 10% PDMS, 
the sol-gel treated cotton fabric pass the regulation. However, increasing PDMS 
percentage from 10 to 30% does not significantly increase the LOI value.  
The thermal stability of the sol-gel treated cotton fabric with different PDMS 
percentages formulations after water-soaking test were investigated by 
thermogravimetric analysis in air. The results show that the sol-gel treated fabric from 
10% to 30% PDMS exhibits an increase of the residue formation between 400 and 550 
°C, however in the lower temperature region (~290 °C), char formation is more with a 
lower amount of PDMS.  
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CHAPTER 9:  CHARACTERISATION OF FLAME RETARDANT SOL-GEL 
TREATED COTTON FABRICS 
 
9.1 Introduction and sample preparation 
The sol-gel method using tetraethylorthosilcate (TEOS) as a silica precursor together 
with the combination of diammonium phosphate (DAP) and urea to improve the flame 
retardancy of 100% cotton fabric has been discussed in chapter 7. In chapter 8, 
polydimethylsiloxane (PDMS) was introduced to increase the water-soak durability of 
the phosphorus- and nitrogen-containing, sol-gel treated cotton fabric.  
According to Chapter 8, the best procedure method for sol-gel treatment was the 
simultaneous addition of DAP and urea with silica precursor (TEOS) and PDMS during 
the sol formation, followed by the impregnating and padding application method and 
drying at 110 °C for 10 min and curing for 150 °C for 5 min. This sample with PDMS in 
the formulation passed the simulated match test before and after water-soak test.  
In this section, the following samples were prepared using the above method described 
previously with DAP, urea and PDMS concentrations being maintained as 5, 1, and 20% 
with respect to TEOS respectively: 
• C-DU (cotton fabric treated with DAP and urea only), 
• C-TP (cotton fabric treated with TEOS and PDMS only), and  
• C-DUT (cotton fabric treated with DAP, urea and TEOS) samples with the same 
procedure.  
Samples coded C-DUTP sample prepared in section 8.4 were also included. 
Initially, prepared samples were characterised for flammability using the simulated 
match test (SMT) (see Section 3.4.1.1). The thermal stability of the sol-gel treated cotton 
fabrics and the dried sol-gel solution samples were evaluated by thermogravimetric 
analysis (TGA) under air as described previously in Section 3.4.2. In order to more fully 
understand sample burning behaviour,  cone calorimetry (Fire Testing Technology, FTT) 
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according to ISO 5660 was employed to investigate the combustion properties of sol-gel 
treated samples tested alone and over unmodified and combustion modified PU foams 
(see Section 3.4.1.4).  
The surface morphologies of the treated samples and chars were also investigated to 
study the effect of the applied flame retardant on the morphology of the cotton fibre 
surfaces by scanning electron microscopy (SEM) (see Section 3.4.4.2). In order to 
compare the phosphorus contents of sol-gel treated samples before and after water-
soaking, phosphorus concentrations were evaluated by using inductively coupled 
plasma spectrometry (ICP), X-ray photoelectron spectroscopy (XPS) and microwave acid 
digestion with analysis ICP-MS (see Section 3.4.3). 
Selected charred samples were studied for their tensile properties and Fourier 
transform infrared (FTIR) spectroscopy to gain insight into the chemical composition of 
the sol-gel treated cotton fabric samples (see Sections 3.3.3, 3.4.4.3, and 3.4.6.1). 
Finally,  a measure of the “handle” performance of sol-gel treated sample was evaluated 
using ‘Shirley’ stiffness tester to measure the stiffness (see Section 3.4.5.1) and drape of 
the final PDMS-sol-gel-treated samples and grey scales were used to observe the shade 
differences between of the untreated and treated cotton fabrics (see Section 3.4.5.2). 
 
9.2 Simulated match test results 
The simulated match test (SMT) (see Section 3.4.1.1) was carried out for different sol-
gel formulation-treated cotton fabrics as described previously in Section 9.1 and are 
reported in Table 9.1. Percentage add-ons were also measured as previously described 
in Section 3.3.4. 
The results show that C-DUTP has a considerably higher actual percentage add-on 
before water-soaking in comparison with C-DU, C-DUT and C-TP fabrics which most likely 
reflects the high absorption of PDMS during the gelling on the fabric. Furthermore, the 
percentage mass loss after water-soaking at 40 °C for 30 min is also much lower for this 
sample. The percentage mass loss of the C-TP sample (28%) is greater than for C-DUTP 
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(14%), but less than for the C-DU and C-DUT (71% and 52% respectively) samples, which 
reflects the improvement in water durability conferred by the PDMS. In agreement with 
the previous results in Chapters 7 and 8, only the C-DUTP sample passes the simulated 
match test before and after water-soaking.  
This set of experiments provides further evidence for the reproducibility of the sample 
preparation methods used. 
 
Table 9.1: Simulated match test (SMT) results for the best application procedure for sol-gel 
treatment cotton fabrics with different formulation. 
Sample Water-
soaking 
%add-on %Mass loss Simulated match test 
Afterflame 
time (s) 
Fabric damage 
length (mm) 
Foam damage 
depth (mm) 
C-DU 
 
Before  7 --- 10 180 19 
After  2 71 Fully burnt ---- ---- 
C-DUT Before  21 --- 5 165 17 
After  10 52 Fully burnt ---- ---- 
C-TP Before  29 --- Fully burnt ---- ---- 
After  21 28 Fully burnt ---- ---- 
C-DUTP Before  42 --- 0 130 10 
After  36 14 1 160 12 
 
9.3 Thermal analysis of sol-gel treated cotton fabric with different formulations 
To observe possible component interactions, the cotton treated with different sol-gel 
formulations, the same samples of Table 9.1, were used for thermogravimetric analysis. 
Furthermore, the sol-gel solutions of each formulation in absence of any fabric present 
were dried at 110 °C for 10 min and cured at 150 °C for 5 min and residues collected for 
subsequent thermal analysis. All fabric and dried formulation samples are presented in 
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Table 9.2. An image of the dried DUT formulation as an example of the residues collected 
is shown in Figure 9.1.  
 
 
Figure 9.1: Residue collected after drying and curing the DUT sol solution in the oven. 
 
Thermogravimetric analyses under flowing air (see Section 3.4.2) for each cotton fabric 
treated sample and the dried solution samples from Table 9.2 were examined, listed in 
Table 9.3 and respective responses for treated cotton samples presented in Figure 9.2.  
Table 9.2: Samples prepared for TGA investigations. 
Samples  name Samples formulation % Add-on on fabric 
C-untreated Cotton 0 
C-DU Cotton + DAP + Urea 7 
DU DAP + Urea (dried solution) --- 
C-T Cotton + TEOS 6 
T TEOS (dried solution) --- 
C-DUT Cotton + DAP + Urea+ TEOS 21 
DUT DAP + Urea+ TEOS (dried solution) --- 
C-TP Cotton + TEOS + PDMS 29 
TP Cotton + TEOS + PDMS (dried solution) --- 
C-DUTP Cotton + Urea + TEOS + PDMS 42 
DUTP Urea + TEOS + PDMS (dried solution) --- 
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From Table 9.3 and Figure 9.2, it can be seen that TGA curves in the presence of silica 
alone (samples C-T and C-TP), the degradation profiles are similar to that of untreated 
cotton, whereas when phosphorus and nitrogen are present (samples C-DU, C-DUT, C-
DUTP), there are considerable but similar changes with a general shift to lower 
temperatures as reflected in respective Tonset values in Table 9.3. This table lists also the 
DTG maximum temperatures for char formation and subsequent oxidation, Tmax1 and 
Tmax2 respectively. 
 
Table 9.3: TGA data under flowing air of cotton fabrics treated with different formulations 
from Table 9.2. 
Samples Tonset  
(5% weight loss)  
Tamax1, (°C) T
a
max2, (°C) 
Residue at 
Code Condition 290 °C, (%) 400 °C, (%) 550 °C, (%) 
C-untreated Untreated  252 338 463 91 20 1 
C-DU Treated Fabric 204 264 504 54 41 17 
DU Dried Solution 139 168 600 64 58 48 
C-T Treated Fabric 274 330 486 94 30 12 
T Dried Solution 219 248 354 88 78 74 
C-DUT Treated Fabric 196 266 502 50 36 9 
DUT Dried Solution 152 174 323 90 84 82 
C-TP Treated Fabric 268 340 480 93 34 10 
TP Dried Solution 277 290 374 94 86 77 
C-DUTP Treated Fabric 232 270 490 66 41 16 
DUTP Dried Solution 213 172 283 85 70 62 
a exothermic peak 
 
For the C-T and C-TP treated samples, this behaviour can be ascribed to the lack of 
interaction between the silica precursor (TEOS) and PDMS, and the protective role of 
the generated silica coating on the cotton. This latter offers initial protection of cellulose 
from the onset of the carbonisation process above 250 °C from air oxidation as 
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evidenced by the by slight increases in Tonset values above the value of 252 °C for pure 
cotton. The increased residues above 450 °C relative to cotton are the residual silica 
contents from the TEOS and PDMS originally present. In the presence of 
phosphorus/nitrogen-containing compounds (DAP), thermal degradation is promoted 
by lowering the Tonset to about 200 °C to give greatly increased char levels above about 
350 °C. With additional presence of either TEOS or TEOS and PDMS, residues are further 
increased during the decomposition stage (200 - 350 °C).  
 
 
Figure 9.2: TGA curves in air of cotton fabric samples with different formulations. 
 
However addition of both TEOS and PDMS produces the residues at about 400 °C (ie 
before char oxidation) only slightly greater than for the latter C-T sample in spite of the 
added presence of silica (C-DU = 41%, C-DUT = 36%, C-DUTP = 41%, C-T = 30%). By 
considering the dried sol solution only (sample T), the residues at about 400 °C are more 
for T (78%), DUT (84%) and DUTP (70%) which contains TEOS and PDMS if compared 
with DU (58%). 
The calculated (as the weighted average mass loss for each residue add-on% in Table 9.2 
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at each temperature) and experimental (real) TGA curves for each combination in Table 
9.2 were derived and are shown in Figures 9.3 to 9.7 (as explained in section 4.2.5.2) [1].  
 
 
(a) 
 
(b) 
Figure 9.3: Thermal analytical responses in air for the control and C-DU and DU formulations; 
(a) respective TGA responses  and (b) Differential mass (Mass(experimental)-Mass(calculated)) versus 
temperature for the C-DU formulation. 
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In Figure 9.3 (a), the “calculated” curve is the weighted average of [0.93 (cotton mass) + 
0.07 (DAP/urea dried %add-on on cotton fabric) at each temperature] for the 
cotton/DAP/urea system. The existence of any chemical and/or physical interaction 
between phosphorus and/or nitrogen and silica is assessed by subtracting the calculated 
from the experimental (real) with TGA mass loss values at each temperature, shown as 
the mass differential curve in Figure 9.3 (b). It is evident that this interaction has reduced 
volatilisation in the 250 - 350 °C zone to give the additional char. Above 350 °C, a slight 
increase is observed of a thermally stable carbonaceous-silica residue (ca. (15-20%) is 
formed up to about 460 °C that refers to a consequence of rapid, discontinuity 
exothermic combustion of cotton fabric which has been discussed fully in chapter five 
(5.2.1). The same “peak” occurs in Figures 9.3 to 9.7 for the same reason of rapid, 
discontinuity exothermic combustion of cotton fabric. 
Figure 9.4 (a) shows the cotton/TEOS combination of calculated and experimental (real) 
TG curves. Here the “calculated” curve is the weighted average of [0.94 (cotton mass) + 
0.06 (TEOS dried %add-on on the cotton)] at each temperature which when subtracted 
from the experimental C-T curve yields the differential plot in Figure 9.4 (b). Here again, 
interaction has decreased the volatilisation of cotton over the range 300 to 350 °C which 
reflects the increase in Tonset temperature caused by the silica as it retards the initial 
thermal degradative stages. Above 350 °C, a slight increase is observed of a thermally 
stable carbonaceous-silica residue (ca. 5-10%) that is formed up to about 450 °C which 
shows a sudden increase  to a maximum between 450 and 500 °C, which again is a 
consequence of the self-ignition of the control, untreated cotton fabrics. 
Figure 9.5 (a) shows the cotton/DAP/urea/TEOS sample calculated and experimental 
(real) TGA curves. The “dried DU solution” contains DAP (5%) and urea (1%) with respect 
to TEOS and the “calculated” curve is weighted average of [0.79 (cotton mass) + 0.21 
(DAP/urea/TEOS dried %add-on on cotton)] at each temperature. The differential mass 
curves in Figure 9.5 (b) again shows an increase in volatilisation in the 250-350 °C region, 
similar to that for the C-DU samples in Figure 9.3 (b) but with a very much lower 
additional residue (~2%- char) in the 400-500 °C region than observed in the latter with 
again the apparent slight maximum at about 475 °C due to the ignition of cotton. 
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(a) 
 
(b) 
Figure 9.4: Thermal analytical responses in air for the control and C-T and T formulations; (a) 
Respective TGA responses  and (b) Differential mass (Mass(experimental)-Mass(calculated)) versus 
temperature for the C-T formulation. 
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(a) 
 
(b) 
Figure 9.5: Thermal analytical responses in air for the control, and C-DUT and DUT 
formulations; (a) Respective TGA responses and (b) Differential mass (Mass(experimental)-
Mass(calculated) ) versus temperature for the C-DUT formulation. 
 
The cotton/TEOS/PDMS combination for C-TP samples as calculated and experimental 
(real) TG curves are shown in Figure 9.6 (a). The “dried TP solution” contains 20% PDMS 
0
20
40
60
80
100
0 100 200 300 400 500 600
W
ei
gh
t%
Temperature (°C)
C-untreated
C-DUT (real)
DUT (dried)
C-DUT (calc)
-50
-40
-30
-20
-10
0
10
20
0 100 200 300 400 500 600
M
re
al
-M
ca
l
Temperature (°C)
Chapter 9: Characterisation of Flame Retardant Sol Gel Treated Cotton Fabrics 
Sara Eivazi 192  
in respect to the TEOS and the “calculated” curve is the weighted average of [0.71 
(cotton mass) + 0.29 (TEOS/PDMS dried %add-on on cotton)] at each temperature. The 
mass differential curve shows increased volatilisation occurring over a broad 200- 350 
°C range with a sharp peak ca. 350 °C and additional residue (~15%- char). Above this 
temperature, the apparent negative trend would indicate that less char is formed as is 
also indicated in Figure 9.6 (a). 
Figure 9.7 (a) shows the cotton/DAP/urea/TEOS/PDMS combination of calculated and 
experimental (real) TG curves in air for the C-DUTP sample. The “dried DUTP solution” 
contains DAP (5%), urea (1%) and PDMS (20%) with respect to TEOS, the “calculated” 
curve is the weighted average of [0.70 (cotton mass) + 0.30 (DAP/urea/TEOS/PDMS 
dried %add-on on cotton)] at each temperature. The differential mass curves in Figure 
9.7 (b) are similar to those for the C-DU and C-DUT respective plots in Figures 9.3 (b) and 
9.5 (b) with increased volatilisation up to ca. 350 °C and above this temperature an 
enhanced thermally stable residue (ca. 10%) is formed, although there will be additional 
silica from the PDMS also present.  
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(a) 
 
(b) 
Figure 9.6: Thermal analytical responses in air for the control, C-TP and TP formulations; (a) 
Respective TGA responses and (b) Differential mass (Mass(experimental)-Mass(calculated) ) versus 
temperature for the C-TP formulation. 
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(a) 
 
(b) 
Figure 9.7: Thermal analytical responses in air for the control, C-DUTP and DUTP formulations; 
(a) Respective TGA responses and (b) Differential mass (Mass(experimental)-Mass(calculated) ) versus 
temperature for the C-DUTP formulation. 
 
0
20
40
60
80
100
0 100 200 300 400 500 600
w
ie
gh
t %
Temperature (°C)
C-untreated
C-DUTP (real)
DUTP (dried)
C-DUTP (calc)
-40
-30
-20
-10
0
10
20
0 100 200 300 400 500 600
M
re
al
-M
ca
l
Temperature (°C)
Chapter 9: Characterisation of Flame Retardant Sol Gel Treated Cotton Fabrics 
Sara Eivazi 195  
9.4 Fire Testing of sol-gel treated cotton fabric  
The combustion data for untreated cotton fabric, C-DUT and C-DUTP as plain fabric, on 
unmodified polyurethane foam and on FR combustion modified polyurethane (CMHR) 
foam investigated by cone calorimetry (see section 3.4.1.4) undertaken at 35 kW/m2 
heat flux are listed in Table 9.4. Furthermore, Figures 9.8 to 9.11 plot the HRR, RSR and 
mass loss curves of untreated fabric and all of the fabrics subjected to the sol-gel 
treatment alone and in combination with both PU foams. 
  
Table 9.4: Collected data of sol-gel treated cotton fabrics examined by cone calorimetry. 
Sample ID TTI             
(s) 
FO            
(s) 
pkHRR 
(kW/m2) 
THR 
(MJ/m2) 
TSR 
(m2/m2) 
Residue 
(%) 
COY 
(kg/kg) 
CO2Y 
(kg/kg) 
Fa
br
ic 
on
ly
 C-F
a 16 36 150 4 5 0.4 0.001 0.16 
C-DUT-F no ignition no ignition 12 1 19 33 0.155 0.32 
C-DUTP-F 13 14 11 1 23 29 0.082 0.16 
Ov
er
 P
U 
fo
am
 
Foam-PUb 3 45 438 12 14 16 0.0004 1.78 
C-PU 15 106 360 19 32 5 0.127 2.68 
C-DUT-PU 15 127 235 13 33 19 0.375 1.53 
C-DUTP-PU 23 87 367 14 56 16 0.728 2.24 
Ov
er
 M
PU
 fo
am
 
Foam-MPUc 6 77 359 12 24 15 0.0014 5.81 
C-MPU 13 81 340 18 42 16 0.430 10.1 
C-DUT-MPU 12 153 196 9 170 20 0.125 1.07 
C-DUTP-MPU 62 111 300 11 130 25 0.220 7.24 
Key: TTI = time-to-ignition, FO = flameout time, pkHRR = peak heat release rate, THR = total heat release, TSR = total 
smoke, COY = total CO, CO2Y = total CO2 level.  
Notes: a only on plain fabric. b over unmodified polyurethane foam c over combustion-modified polyurethane foam. 
 
9.4.1 Untreated and sol-gel treated as fabric only 
Figure 9.8 compares the cone calorimetry results for untreated cotton fabric, C-DUT and 
C-DUTP sol-gel treated fabrics which fabric only were tested.  
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Figure 9.8 (a) shows the heat release rate curve for all samples. Untreated cotton fabric 
(C-F) burned very rapidly after a quick ignition with a sharp HRR curve. However, the C-
DUT-F burned without any obvious ignition and the C-DUTP-F ignited with the same TTI 
value as the untreated cotton specimen, but flameout occurred after one second (TTI = 
13 s and FO = 14 s).  
Peak heat release rate values for sol-gel treated fabrics (12 kW/m2) decreased 
significantly when compared with untreated fabric (150 kW/m2). Comparing the sol-gel 
treated samples, C-DUT-F and C-DUTP-F samples, despite the C-DUTP-F sample ignited 
for only 1 second, the pkHRR and THR are almost the same for both samples.  
The deposited coatings protecting the fabric, favour char formation and increase the 
residue percentage form 0.4% for untreated cotton fabric to 33% and 29% for C-DUT 
and C-DUTP samples, respectively (Table 9.4 and Figure 9.8 (c)). However, smoke release 
and TSR values increased for sol-gel treated fabric samples as a consequence of 
incomplete combustion, which combined with increasing char, shows that these sol-gel 
treated fabrics, delay the evolution of volatile species that fuel further degradation and 
act as a flame retardant [2]. 
However, the sol-gel treated cotton samples, C-DUT and C-DUTP samples, have higher 
COY values with respect to the untreated fabric, which high CO values indicate lower 
levels of fuel oxidation by restricting oxygen access because of the silicon species 
present.  
The sol-gel cotton treated with PDMS (C-DUTP sample) has a higher TSR value if 
compared with the C-DUT sample (without any PDMS in the formulation) reflecting the 
influence of the additional polysiloxane present, although residues were not increased 
as noted above.  
In Figure 9.12 (a), which shows fabric only residues after cone calorimetry testing, pure 
cotton fabric char (C-F) appeared as a grey ash, but the C-DUTP sample showed a white 
layer char which suggests a silica layer formed from the PDMS thus creating a ceramic 
barrier on the textile surface. For both C-DUT and C-DUTP samples, each fabric residue   
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(a) 
 
(b) 
 
(c)  
Figure 9.8: Cone calorimetry results for C-F, C-DUT-F, and C-DUTP-F samples tested as fabric 
only, (a) HRR, (b) smoke release, and (c) mass loss (%) versus time responses. 
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kept some evidence of it former texture, but the C-DUTP sample also retained its former 
dimension better than the C-DUT that sample in which shrinkage from the corners is 
evident [2]. 
 
9.4.2 Untreated fabric/foam samples results 
Figure 9.9 shows heat release rate (HRR), rate of smoke release and mass loss curves of 
untreated cotton fabric tested as fabric only (C-F), over unmodified PU foam (C-PU) and 
over modified PU foam (C-MPU). From Figure 9.9 (a), both untreated cotton fabric 
samples over foam (C-PU and C-MPU) have two peaks of heat rate release of which the 
first one is for the fabric ignition as noted for the cotton-only sample and the second 
one is for the foam. Only peak values for the first peak are listed as pkHRR values in 
Table 9.4. However, the first HRR peak for the C-PU sample is sharper than the C-MPU 
sample and also the second peak for C-PU sample is higher than for the C-MPU sample 
(360 kW/m2 for C-PU sample and 339 kW/m2 for C-MPU sample) reflecting the presence 
of flame retardant in the latter foam. 
According to Table 9.4, C-F, C-PU and C-MPU samples burned with almost the same time 
to ignition (TTI) but flameout time (FO)) was only 36 s for the C-F sample, 106 s for the 
C-PU sample and 81 s for the C-MPU sample. HRR curves show a similar order in that 
the C-F sample burned very quickly with lower a pkHRR value and less than 1% residue, 
while the C-PU sample burned for a longer time with a higher pkHRR value and 5% 
residue.  However, the C-MPU sample flameout time was shorter than the C-PU sample 
and had a lower pkHRR value but left more residue (16%). However, there was no 
significant difference in total heat release (18.7 kW/m2 for C-PU and 18.2 kW/m2 for C-
MPU).  
Figure 9.12 shows the sample residues after cone calorimeter testing. The residue left 
from sample C-F is very small and appeared as a grey ash, but for C-PU and C-MPU 
samples, which comprise untreated cotton fabric over PU and MPU foams, the fabric 
kept char-like evidence of it former texture and left more residue. 
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(a) 
 
(b) 
 
(c) 
Figure 9.9: Cone calorimetry results for untreated cotton fabric samples tested: as fabric only 
(C-F), fabric over PU foam (C-PU), and over MPU foam (C-MPU), (a) HRR, (b) smoke release, 
and (c) mass loss (%) versus time responses. 
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Total smoke release (TSR) represents a measure of the amount of generated smoke in a 
full-scale fire, which often demonstrates the presence of incomplete combustion [3, 4].  
The C-F sample has significantly lower total smoke release (TSR) and releases less CO 
and CO2 if compared with C-PU and C-MPU samples in which the majority of smoke 
release comes from the underlying foams. However, the TSR is higher for C-MPU sample 
than for the C-PU sample which is evidence of the more incomplete combustion for MPU 
foam sample. 
 
9.4.3 C-DUT fabric/foam samples results 
Figure 9.10 shows HRR, smoke release and mass loss curves of sol-gel treated cotton 
fabric with the DAP, urea and TEOS formulation (C-DUT sample) tested as fabric only (C-
DUT-F), over unmodified PU foam (C-DUT-PU) and over modified PU foam (C-DUT-MPU). 
Both unmodified polyurethane foam (PU) and combustion-modified polyurethane foam 
(MPU) as plain foam samples were tested by cone calorimetry and the results are listed 
in Table 9.4 as (Foam-PU) for unmodified foam and (Foam-MPU) for combustion 
modified foam.  
From Table 9.4, the C-DUT-F sample burned without any ignition and no TTI value was 
recorded. Due to no ignition of the C-DUT-F sample, the C-DUT-F curve in Figure 9.10 (a) 
(red curve) is hidden by other curves, so the HRR curve can be seen better in Figure 9.8 
(a) that the C-DUT-F sample burns without any significant peak heat rate release (pkHRR 
= 11.56 kW/m2). Samples over foam (C-DUT-PU and C-DUT-MPU) have only one peak 
heat rate release following the ignition of the underlying foam. However, the pkHRR 
value for the C-DUT-PU sample is more than the C-DUT-MPU sample (235 kW/m2 for the 
C-DUT-PU sample and 196 kW/m2 for the C-DUT-MPU sample). 
From Table 9.4, time to ignition for neat unmodified PU foam is very low (3 seconds) and 
foam burned very rapidly with high pkHRR (437 kW/m2), however, TTI(s) values for PU 
foam covered by untreated and the C-DUT sol-gel treated cotton fabric are increased to 
around 15 seconds. Very similar to the results for the samples over PU foam, the time 
to ignition for neat MPU foam is lower than foam covered by overlying untreated cotton 
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fabric and C-DUT treated fabric (6 seconds for Foam-MPU, 13 seconds for C-MPU and 
12 seconds for C-DUT-MPU). However flameout times (FO) are less for foam only 
samples if compared with respective C-DUT fabric samples over foam which shows the 
overlying fabric has reduced the ignition speed of the burning of the respective 
underlying foam. 
From Figure 9.10, Foam-PU and Foam-MPU samples only have peak heat rate release 
values occurring earlier than C-DUT-PU and C-DUT-MPU samples, which demonstrates 
that the C-DUT sol-gel treated fabric have delayed or postponed the ignition of 
respective foam.  
The C-DUT-MPU sample has significantly higher total smoke release (TSR = 169 m2/m2) 
if compared with the C-DUT-PU sample (TSR = 32 m2/m2). However, there is not such a 
large difference between the TSR values of the Foam-PU and Foam-MPU samples (14 
and 24 m2/m2) which shows that MPU foam releases more smoke in combination with 
C-DUT fabric. This high amount of smoke suggests that incomplete combustion of the 
MPU foam in combination with C-DUT fabric may be occurring. According to Figure 9.10 
(b), the smoke release for C-DUT-MPU increases till about 100 s in contrast to the shorter 
peak times for MPU foam only or fabric only samples. 
Table 9.4 and Figure 9.12 record the char formation as residue percentage of each 
sample determined at the end of each experiment. The residue for the C-DUT-F sample 
is 33%, and for the Foam-MPU sample is 15%. However, the C-DUT-MPU sample yields 
a 20% residue, which is less than the addition of residues from fabric and foam alone 
together. This difference can be the reason for the very high smoke release value where 
the potential char is measured as smoke as discussed earlier in this section. 
Nevertheless, for unmodified PU foam (C-DUT-PU), the residue is 19%, but the smoke 
release is less than for the C-DUT-MPU sample and shows the more complete 
combustion. 
From Table 9.4, the COY value or foam-MPU sample is 0.0014 kg/kg which is more than 
that for the foam-PU only sample value of 0.0004 kg/kg. However, COY for C-DUT-PU 
sample is higher than C-DUT-MPU sample (0.375 kg/kg and 0.125 kg/kg respectively),   
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(c) 
Figure 9.10: Cone calorimetry results for C-DUT fabric samples tested: as fabric only (C-DUT-F), 
over PU foam (C-DUT-PU), and over MPU foam (C-DUT-MPU), (a) HRR, (b) smoke release, and 
(c) mass loss (%) versus time responses. 
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which reflect lower levels of sample oxidation and it is most likely related to the flame 
retardant content in the MPU foam. 
From Table 9.4, C-MPU sample has 16% residue which demonstrates the simple addition 
of Foam-MPU (15% residue) plus the neat fabric (C-F sample) (~1% residue). However, 
the C-DUT-MPU residue (20%) is not following the same order and it is less than the 
addition of neat MPU foam (15% residue) and C-DUT-F (33% residues). However, the 
total smoke release is massively higher for the combination of the Foam-MPU sample 
(24 m2/m2) and the C-DUT-F sample (18 m2/m2) separately and it is around 170 m2/m2 
for the C-DUT-MPU sample. These results suggest that the increase of TSR of the 
combination of sol-gel treated fabric and MPU foam may as consequence of incomplete 
combustion which also increase the smoke, delay the evolution of volatile species that 
fuel further degradation and reduce the residue left. 
 
9.4.4 C-DUTP fabric foam results 
Figure 9.11 shows HRR, smoke release and mass loss curves of sol-gel treated cotton 
fabric with the DAP, urea, TEOS and PDMS formulation (C-DUTP) tested as fabric only 
(C-DUTP-F), over unmodified PU foam (C-DUT-PU) and over combustion-modified PU 
foam (C-DUT-MPU) and compared with respective foam only samples (Foam-PU and 
Foam-MPU).  
From Table 9.4, similar to C-DUT-F sample, C-DUTP-F sample burned without any 
significant ignition and time recorded between TTI and FO is only 1 second (TTI = 13 s 
and FO = 14 s). This means ignition on the samples only was for 1 second and the fabric 
self extinguished within 1 s and then mass loss was due to smouldering without any 
flaming on the fabric, which demonstrates the high flame retardant behaviour of the 
treated fabric. From Figure 9.11 (a), the C-DUTP-F sample burns without any significant 
peak heat rate release (pkHRR = 11 kW/m2) (see Figure 9.8), and samples over foam (C-
DUTP-PU and C-DUTP-MPU) have only one peak and hence a single heat rate release, 
which reflects the underlying foam ignition. However, the peak heat rate release of C-
DUTP-PU (367 kW/m2) and C-DUTP-MPU (300 kW/m2) samples are lower than foam only 
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samples (foam-PU (438 kW/m2) and foam-MPU (359 kW/m2). TTI values show a similar 
order in that covering both foams by C-DUTP fabric has delayed or postponed the 
ignition by shifting the TTI from 3 to 23 s for the PU foam sample and from 6 to 62 s for 
MPU foam samples.  
Similar to C-DUT sample, the C-DUTP-MPU sample has higher total smoke release (TSR 
= 129 m2/m2) compared with the C-DUTP-PU sample (TSR = 55 m2/m2), which suggests 
that incomplete combustion of the MPU foam combination with C-DUTP fabric may be 
occurring. The percentage of residue left after the test shows the similar fact of 
incomplete combustion of C-DUTP-MPU, with 25% residue which is higher than 16% for 
C-DUTP-PU sample.  
Comparing sol-gel treated fabric with and without PDMS in the formulation, the C-DUT-
PU sample has lower pkHRR, THR, TSR and releases less CO and CO2 relative to the C-
DUTP-PU sample. However, the residue left from C-DUTP-PU sample is less than C-DUT-
PU sample despite the char image showing a white layer (most likely a silica barrier) on 
the fabric surface (Figure 9.12 (b)). The increased COY value (see Table 9.4) for the C-
DUTP-PU sample relative to the C-DUT-PU sample might suggest that the addition of 
PDMS prevents CO oxidation to CO2, although respective CO2Y values are also greater 
for the former. A similar situation exists for the respective samples tested over MPU 
foam. It could be that the reduced char formation is part compensated by increased, 
smoke formation due to incomplete combustion. 
 
 
 
Chapter 9: Characterisation of Flame Retardant Sol Gel Treated Cotton Fabrics 
Sara Eivazi 205  
 
(a) 
 
(b) 
 
(c) 
Figure 9.11: Cone calorimetry results for C-DUTP fabric samples tested: as fabric only (C-DUTP-
F), over PU foam (C-DUTP-PU), and over MPU foam (C-DUTP-MPU), (a) HRR, (b) smoke release, 
and (c) mass loss (%) versus time responses. 
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(a) 
   
C-F C-DUT-F C-DUTP-F 
 
 
(b) 
    
Foam-PU C-PU C-DUT-PU C-DUTP-PU 
 
 
(c) 
    
Foam-MPU C-MPU C-DUT-MPU C-DUTP-MPU 
Figure 9.12: The images of the residue left for each sample after cone calorimetry (a) only 
fabric, (b) over PU foam, and (c) over MPU foam. 
 
9.5 Surface morphology characterisation 
9.5.1 Scanning electron microscope (SEM) of the surface of sol-gel treated cotton 
fabric 
The surface morphology of the C-DUT and C-DUTP samples were analysed using a 
scanning electron microscope (SEM) (see Section 3.4.4.2).  
The SEM images of C-DUT and C-DUTP samples (from Table 9.1), before and after water-
soaking test and respective chars left after the horizontal burning test on the sample 
before water-soaking are shown in Figure 9.13.  
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SEM images show that cotton fabric and component fibre surfaces for C-DUT samples 
appear to be well covered by the original sol gel treatments in Figure 9.13 (b) and (c) if 
compared with untreated cotton fabric (Figure 9.13 (a)) which transforms to a compact 
silica coating, in which phosphorus and nitrogen aggregates are assumed to be included 
in Figure 9.13 (d). After the treatment, fabrics became more rigid, and some visible 
cracks in the SEM images appeared on the surface of the fabric. These cracks were still 
apparent on C-DUT treated samples after water-soaking (Figure 9.13 (c)), which will 
probably indicate evidence that DAP and urea components have largely been removed. 
Figure 9.13 (d) shows the SEM image of C-DUT sample char which suggests that the char 
left includes both cotton fibre char and silica coating.  
The images depicted for C-DUTP in Figure 9.13 (e), shows that the underlying textile 
texture can be seen and with some formation of silica film located between the fibres 
but, not covering the surface of fabric as seen with the C-DUT fabric (Figure 9.13 (b)). 
Indeed, for C-DUTP samples before water-soaking, in all three SEM images the textile 
texture can be observed although the fibrous char residues in Figure 9.13 (g) appear to 
be more heavily coated, most likely with silica.  
 
9.5.2 Energy-dispersive spectroscopy EDS images of the surface of sol-gel treated 
cotton fabric 
In order to gain an idea of the qualitative elemental distribution present in all the 
samples presented in Figure 9.13, elemental analysis using EDS (see Section 3.4.4.2) and 
resultant Si and P mapping were undertaken and results plotted in Figure 9.14. Of 
particular note, are the greater intensities of Si map dots compared with P dots, which 
may be ascribed to the very high level and heterogeneous of Si distributions derived 
from the TEOS and PDMS components present.  
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                                                                                    (a) 
   
(b) (c) (d) 
   
(e) (f) (g) 
Figure 9.13: SEM images of cotton fabrics; (a) untreated cotton fabric (b) C-DUT treated before 
water-soaking, (c) C-DUT treated after water-soaking, (d) un-soaked C-DUT treated char after 
flammability testing, (e) C-DUTP treated before water-soaking, (f) C-DUTP treated after water-
soaking, (g) un-soaked C-DUTP treated char after flammability testing. 
 
The distribution of Si on the charred samples (Figure 9.14 (c) and (f)) appears to be more 
randomly distributed and more dense if compared with other unburnt samples. This is 
probably because the residues now comprise more silicon than other elements, 
although, of course, Si residues are now more concentrated in the respective char 
residues than in the initial fabrics. In addition, in Figure 9.14, it is clear that the   
500 μm 
500 μm 500 μm 
500 μm 500 μm 500 μm 
500 μm 
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            SEM Image      Si XRF map     P XRF map 
                                         
(a) 
                                      
(b) 
                                      
(c) 
                                       
(d) 
                                   
(e) 
                                  
(f) 
Figure 9.14: EDX image maps of P and Si content of treated fabrics (100 μm); (a) C-DUT treated 
before water-soaking, (b) C-DUT treated after water-soaking, (c) un-soaked C-DUT treated char 
after flammability testing, (d) C-DUTP treated before water-soaking, (e) C-DUT treated after 
water-soaking, (f) un-soaked C-DUTP treated char after flammability testing. 
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distributions of P dots after water-soak testing have reduced if compared with 
respective unburnt and unsoaked samples (Figure 9.14 (a) and (d)). This proves that the 
water-soak test removes a considerable amount of P from treated fabrics. However, the 
apparent greater P dot density in the soaked C-DUTP sample (Figure 9.14(e)) relative to 
that for the water-soaked C-DUT sample (Figure 9.14(b)) reflects the previous 
observation (see Table 9.1) that the former still passes the SMT test. 
 
9.5.3 Scanning electron microscope (SEM) of the fabric cross-sections of sol-gel 
treated cotton fabrics 
The SEM image from cross-sections of selected samples are shown in Figure 9.15. Two 
Sol-gel formulations, C-DUT before water-soaking and C-DUTP before and after water-
soaking are compared with untreated cotton fabric.  
Cotton fibres for C-DUTP sample before water-soaking (Figure 9.15 (c)) appear to be well 
covered by a silica coating which still can be visible after the water-soak test (Figure 9.15 
(d)), if compared with untreated cotton fabric (Figure 9.15 (a)). The shape of fibres can 
be seen for sample C-DUTP before and after water-soaking in Figures 9.15(c) and (d) 
respectively. However, the C-DUT fibre surfaces (Figure 9.15 (b)) before water-soaking 
shows a more textured or rougher coating although because of this it is difficult to see 
the shape of fibres present, which appear to be embedded together.  
 
 
9.6 Phosphorus content of treated fabrics before and after water-soak testing 
In this section, the phosphorus contents before and after water-soak testing for both 
sample C-DUT and C-DUTP are discussed.  
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(a)  (b) 
  
(c) (d) 
Figure 9.15: SEM images of cross section of sol-gel treated cotton fabrics; (a) untreated cotton 
fabric (b) C-DUT treated before water-soaking, (c) C-DUTP treated before water-soaking, (f) C-
DUTP treated after water-soaking. 
 
9.6.1 Phosphorus content of wash water after water-soak test on sol-gel treated 
cotton fabrics 
To attempt to quantify the release of phosphorus from sol-gel treated fabric samples 
during the water-soak test, the wash waters after soaking were investigated for two 
samples, C-DUT and C-DUTP treated cotton fabrics by using inductively coupled plasma 
(ICP) at William Blythe Ltd (see Section 3.4.3.1). For this goal, the two samples, C-DUT 
and C-DUTP, were soaked based on the water-soak test described in Section 3.4.7. The 
phosphorus contents of wash water for each sample after water-soaking analysed by 
ICP are reported in Table 9.5. These results in Table 9.5, at the present time do not 
appear to be “sensible” in that wash water P contents are more than an order of 
100 μm 100 μm 
100 μm 100 μm 
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magnitude greater than the nominal levels applied to each fabric. Hence both XPS 
analysis and acid digest/ICP analysis of phosphorus for treated fabric samples were 
undertaken in the next step (see Section 3.4.3.2). 
 
Table 9.5: ICP-determined phosphorus contents of wash water after water-soak testing and 
comparison with phosphorus contents of respective sol-gel treated fabric. 
Sample  %Add-on Expected P% content on the 
fabric (before water-soak test) 
P% content in the 
wash water 
Before water-soak After water-soak 
DUT 21 10.4 0.22 3.28 
DUTP 30 21 0.32    4.0 
 
9.6.2 X-ray photoelectron spectroscopy (XPS) of sol-gel treated samples before and 
after water-soak testing 
In order to gain an idea of the elemental composition of the surface of untreated cotton 
fabric and sol-gel treated before and after water-soak testing (samples described in 
Table 9.6), X-ray photoelectron spectroscopy (XPS) from the surface of each of the fabric 
samples was done at NEXUS National EPSRC XPS Users’ Services at Newcastle University 
(see Section 3.4.3.3). The accuracy of XPS method is +/- 5%. All data in Tables 9.7 to 9.12 
are based on the average of three specimens for each sample. 
For C-DUTP samples, three different percentages of PDMS (10, 20 and 30% with respect 
to TEOS) were studied and results compared. The code C-DUTP-X is used in this part with 
X representing the percentage of PDMS in the formulation. 
The atomic concentrations (at.%) of carbon (C 1s, 286 eV), oxygen (O 1s, 533 eV), silicon 
(Si 2p, 102 eV), nitrogen (N 1s, 401 eV), and phosphorus (P 2p, 130 eV) were calculated 
from XPS spectra of samples and the results are summarized in Table 9.7. The XPS 
method was applied three times for each sample and the elemental percentages 
reported in Table 9.7 are each the average of three tests [5]. 
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Table 9.6: Sample descriptions for XPS analysis. 
No. Sample description Soaked DAP  Urea TEOS PDMS Add-on (%) 
1 Untreated cotton Before No No No No --- 
2  
C-DUT 
Before Yes (5%)* Yes (1%) Yes No 19 
3 After Yes (5%) Yes (1%) Yes No 7 
4  
C-DUTP-10 
Before Yes (5%) Yes (1%) Yes Yes (10%) 24 
5 After Yes (5%) Yes (1%) Yes Yes (10%) 10 
6  
C-DUTP-20 
Before Yes (5%) Yes (1%) Yes Yes (20%) 29 
7 After Yes (5%) Yes (1%) Yes Yes (20%) 14 
8  
C-DUTP-30 
Before Yes (5%) Yes (1%) Yes Yes (30%) 37 
9 After Yes (5%) Yes (1%) Yes Yes (30%) 21 
* All the percentages are with respect to TEOS. 
 
It can be seen in Table 9.7 that N and P were detected for C-DUT sample before water-
soaking which values reduce considerably after water-soak testing (from 6.8% to 0.06% 
for P and from 1.8% to 0.76 for N). The reduction of phosphorus content is much higher 
than the reduction of nitrogen after the water-soaking test (99% phosphorus loss and 
57% nitrogen loss). 
However, for C-DUTP-X samples, the P and N percentages behave differently with only 
for the C-DUTP-10 sample before water-soaking were small percentages of P and N 
detected while for the other C-DUTP-X samples, only carbon (C), oxygen (O) and silicon 
(Si) were detected on the surface of fabric.   
Si peaks were observed on all coated samples and values increased with increasing the 
PDMS percentage in the formulation. By looking at ratio of atoms in Table 9.7, it is clear 
that the C/O ratio increases with increasing PDMS concentration and it is almost double 
for C-DUTP-X formulations in comparison with C-DUT. Furthermore, for each 
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formulation, the C/O ratio increased after water-soak testing (for example for C-DUT, it 
increased from 0.75 to 0.78). 
The Si/C ratios are almost the same for all formulations but are slightly reduced after 
water-soaking, which indicates that some silicon is being removed from samples after 
water-soak testing.  
Table 9.8 reports the weight percentages of silicon, phosphorus and nitrogen for each 
sample based on the atomic concentration data from XPS analysis in Table 9.7 (see 
Section 3.4.3.3).  
According Table 9.8, for C-DUT sample before water-soaking, around 32% of the surface 
covered by silicon and 5% by phosphorus. However, after water-soaking the C-DUT 
sample surface shows a higher silicon percentage and considerably lower phosphorus 
content on the surface with around 98% of phosphorus having been removed. For the 
C-DUTP-10 sample, only 1% of phosphorus has been detected on the surface of the 
fabric as well as a trace of nitrogen, both of which have been entirely removed after 
water-soaking while the silicon presence remains unchanged.  
A similar situation is seen for the other C-DUTP samples suggesting that the surface of 
these C-DUTP-X samples is covered by PDMS and hence covering the DAP and urea 
present below. This explains the reason for the greater  durability of DAP and urea 
present in the C-DUTP-X samples compared to the C-DUT samples in which phosphorus 
and nitrogen located on the surface and can be removed easily during the  water-soak 
test. 
To study the elemental composition in the deeper layers of the samples, the option of 
Ag ion beam etching of  the fabric surface and which was then analysed using XPS at the 
end of each interval of etching time was used (see Section 3.4.3.3). Only two samples 
from Table 9.6 were tested using this method, namely samples C-DUT and C-DUTP-20.  
Tables 9.9 to 9.12 present the atomic concentration and weight percent for all samples 
after defined etching intervals. The XPS tests were initially undertaken after a minimum 
20 s etching time interval up to a maximum of 80 s and the atomic concentrations were 
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recorded after each interval. However, as the results in Table 9.9 show, there was little 
difference in the XPS results for the C-DUT sample before water-soaking even after 80 s 
and so it was decided that for the water-soaked sample, the 80s etched samples were 
subjected to a second cycle comprising shorter time intervals of 5 to finish at 30 s 
yielding a maximum total etching time of 110 s (see Table 9.10). The total etching times 
for sample C-DUTP-20 before and after water-soaking were recorded at maximum 
etching times of 105 and 135 s respectively (see Tables 9.11 & 9.12).   
 
Table 9.7: Atomic concentration of chemical elements on the surface of sol-gel treated cotton 
fabrics by using XPS. 
Sample Soaked Chemical element (atomic concentration (%)) Ratio of atoms 
C O Si P N C/O Si/C Si/O 
Untreated Cotton ---- 67.45 32.55 0 0 0 2.07 0 0 
C-DUT Before 30.19 40.13 21.06 6.81 1.81 0.75 0.69 0.52 
After 33.77 43.18 22.23 0.06 0.76 0.78 0.66 0.51 
C-DUTP-10 Before 41.83 29.07 28.47 0.57 0.06 1.44 0.68 0.98 
After 42.86 27.93 29.21 0 0 1.53 0.68 1.05 
C-DUTP-20 Before 43.55 26.72 29.73 0 0 1.63 0.68 1.11 
After 44.22 26.40 29.38 0 0 1.67 0.66 1.11 
C-DUTP-30 Before 43.69 26.28 30.03 0 0 1.66 0.69 1.14 
After 44.13 26.13 29.45 0 0 1.69 0.67 1.13 
 
According to Table 9.9, around 31% silicon, 4% phosphorus and 1.5% nitrogen (weight 
percent) can be detected on the surface of unsoaked C-DUT fabric after each different 
etching time. By increasing etching time to 80 s, no significant change in chemical 
elemental contents were recorded.  
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Table 9.8: Atomic concentration and weight percent of chemical elements on the surface of 
sol-gel tread cotton fabric by using XPS. 
Sample Soaked Chemical element (atomic concentration (%)) Weight percent (%) 
C O Si P N Si P N 
Untreated 
Cotton 
---- 70.10 29.89 0 0 0 0 0 0 
C-DUT Before 32.19 41.13 22.06 2.81 1.81 32.28 4.90 1.43 
After 33.77 43.18 22.23 0.06 0.76 36.02 0.11 0.61 
C-DUTP-10 Before 41.83 29.07 28.47 0.57 0.06 44.78 0.99 0.05 
After 42.86 27.93 29.21 0 0 46.04 0 0 
C-DUTP-20 Before 43.55 26.72 29.73 0 0 45.76 0 0 
After 44.22 26.40 29.38 0 0 46.39 0 0 
C-DUTP-30 Before 43.69 26.28 30.03 0 0 47.15 0 0 
After 44.13 26.13 29.45 0 0 46.59 0 0 
 
The expected phosphorus content in the whole fabric of C-DUT (based on ~19% dry add-
on) is 1%, but the phosphorus content in dry flame retardant formulation on the fabric 
is 6.1% based on 23.5% of phosphorus content in the DAP and 26% DAP in dry add-on (5 
g DAP in 19 g dry add-on). The evidence of around 4% phosphorus on the surface of 
fabric from the XPS data in Table 9.9 is much bigger than the expected phosphorus 
content in the whole fabric from which it may be concluded that the most of flame 
retardant present is located on the surface of the fabric and most likely within the sol-
gel coating observed in the SEM images shown in Figures 9.13 and 9.15. However, Table 
9.10 shows that only 0.32% of phosphorus remains on the surface of the C-DUT sample 
after water-soaking following 95 s etching, no phosphorus after 100 s etching, and again 
only a slight amount of phosphorus after 105 s. This again proves the surface of fabric is 
covered by flame retardant which easily has been washed off after water-soaking. By 
washing off the phosphorus and nitrogen from the surface of the fabric, the fraction of 
silicon elements detected by XPS has increased after water-soaking (compare Tables 9.9 
& 9.10). 
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Table 9.9: Atomic concentration and weight percent of chemical elements on the surface of C-
DUT sample before water-soaking after different etching times using XPS. 
Sample Etching 
time (s) 
 
Chemical element (Atomic concentration (%)) Weight percent (%) 
C O Si P N Si P N 
C-DUT 
Before 
water-
soaking 
0 32.08 43.98 19.43 2.42 2.09 31.38 4.31 1.68 
20 31.07 44.56 20.11 2.41 1.84 32.25 4.26 1.47 
40 31.62 44.11 19.71 2.33 2.23 31.77 4.14 1.79 
60 31.03 44.4 19.94 2.56 2.08 31.97 4.53 1.66 
80 30.85 44.92 19.69 2.65 1.85 31.6 4.69 1.48 
 
According to Table 9.11, the maximum phosphorus atomic concentration (%) which is 
finally observed for C-DUTP-20 before water-soaking, after 110 s etching is 0.28% atomic 
concentration equivalent to 0.47% weight percent. It would seem that a minimum 
etching time of 100 s is required to remove any surface PDMS before the underlying 
phosphorus is revealed. The phosphorus level expected for sample C-DUTP-20 is around 
0.9% of the total weight of the fabric sample (dried add-on of 30%) and hence 4% of 
total weight of dry add-on on the fabric before water-soaking, based on 23.5% of 
phosphorus content in the DAP and 17% DAP in dry add-on (5 g DAP in 29 g dry add-on). 
So the result suggests that the even after etching for 110 s on the surface, only half of 
the expected phosphorus in the whole fabric sample is detected on the etched sample 
surface after removal of some of the PDMS. It is possible, however, that if further 
etching was undertaken, higher concentrations of both nitrogen and phosphorus might 
be revealed.   
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Table 9.10: Atomic concentration and weight percent of chemical elements on the surface of 
C-DUT sample after water-soaking at different etching times using XPS. 
Sample Etching 
time (s) 
Chemical element (Atomic concentration (%)) Weight percent (%) 
C O Si P N Si P N 
 
 
C-DUT 
After water-
soaking 
0 34.34 43.35 21.95 --- 0.37 35.68 0.00 0.30 
20 33.46 44.04 22.49 --- --- 36.34 0.00 0.00 
40 33.68 44.06 22.26 --- --- 36.04 0.00 0.00 
60 32.89 44.50 22.60 --- --- 36.44 0.00 0.00 
80 32.83 44.92 22.26 --- --- 35.97 0.00 0.00 
85 33.76 43.08 23.07 --- 0.08 37.16 0.00 0.06 
90 30.69 44.14 24.81 --- 0.37 39.22 0.00 0.29 
95 29.41 44.42 25.58 0.32 0.27 40.00 0.55 0.21 
100 29.09 44.46 26.00 --- 0.45 40.63 0.00 0.35 
105 29.33 44.02 26.39 0.20 0.07 41.06 0.34 0.05 
110 29.36 44.06 29.93 --- 0.64 44.08 0.00 0.47 
 
9.6.3 Acid Digestion and ICP analysis of Phosphorus 
The XPS analysis in the last section gave an idea of the elemental composition of the 
surface of the cotton fabric and the results show a very small amount of phosphorus on 
the surface of the C-DUTP sample even before water-soaking. Here the phosphorus 
content of selected whole samples by acid digestion and ICP analysis were undertaken 
at Shirley Technology Limited (BTTG) (see Section 3.4.3.2). Two samples, C-DUT and C-
DUTP-20, before and after water-soaking were tested for respective phosphorus 
contents and the results are reported in Table 9.13.  
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Table 9.11: Atomic concentration and weight percent of chemical elements on the surface of 
C-DUTP-20 sample before water-soaking after different etching times using XPS. 
Sample Etching 
time (s) 
Chemical element (Atomic concentration (%)) Weight percent (%) 
C O Si P N Si P N 
 
 
 
 
 
C-DUTP-20 
Before 
water-
soaking 
0 43.71 27.01 29.28 --- --- 46.21 0.00 0.00 
20 43.69 27.05 29.27 --- --- 46.19 0.00 0.00 
40 43.33 27.42 29.25 --- --- 46.14 0.00 0.00 
60 42.44 27.78 29.78 --- --- 47.02 0.00 0.00 
80 42.51 29.58 27.91 --- --- 44.34 0.00 0.00 
85 43.39 27.3 29.31 --- --- 46.22 0.00 0.00 
90 37.53 30.86 31.61 --- --- 48.45 0.00 0.00 
95 36.21 31.42 32.06 0.14 0.17 48.81 0.24 0.13 
100 35.71 31.96 32.00 --- 0.33 48.75 0.00 0.25 
105 34.51 32.72 32.04 0.13 0.59 48.64 0.22 0.45 
110 33.74 33.47 32.05 0.28 0.46 48.5 0.47 0.35 
 
From Table 9.13, the phosphorus contents for both fabrics, C-DUT and C-DUTP-20, are 
almost the same as would be expected since the DAP, which is the only material that 
contains phosphorus, is present in the same amount in both formulations.  
Furthermore, the phosphorus content for C-DUT fabric after water-soaking reduced 
from 2.93% to 0.47% (84% phosphorus content loss) whereas that water-soaked C-
DUTP-20 has reduced from 3.18 to 0.74% equivalent to77% phosphorus content loss. 
However, while the phosphorus loss is still high for C-DUTP-20 fabric, the retained 
phosphorus content after water-soaking at 0.74% is still 60% more than C-DUT fabric 
after water-soaking (0.47%) and is enough amount for the fabric to pass the SMT. In 
addition, in the C-DUTP fabric, the silicon barrier is much more water repellent than in 
C-DUT fabric demonstrating the advantageous role of the PDMS present. 
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Table 9.12: Atomic concentration and weight percent of chemical elements on the surface of 
C-DUTP-20 sample after water-soaking after different etching times using XPS. 
Sample Etching 
time (s) 
Chemical element (Atomic concentration (%)) Weight percent (%) 
C O Si P N Si P N 
 
 
 
 
C-DUTP-20 
After water-
soaking 
0 44.14 27.81 28.05 --- --- 44.69 0.00 0.00 
20 43.71 27.97 28.32 --- --- 44.99 0.00 0.00 
40 44.32 28.28 27.4 --- --- 43.87 0.00 0.00 
60 43.82 28.13 28.05 --- --- 44.66 0.00 0.00 
80 43.52 28.99 27.49 --- --- 43.90 0.00 0.00 
85 46.29 25.62 28.09 --- --- 44.96 0.00 0.00 
90 40.25 28.8 30.94 --- --- 47.92 0.00 0.00 
95 39.78 28.65 31.57 --- --- 48.64 0.00 0.00 
100 39.65 29.26 31.1 --- --- 48.05 0.00 0.00 
105 38.3 29.55 32.16 --- --- 49.19 0.00 0.00 
110 38.75 30.09 31.16 --- --- 48.03 0.00 0.00 
115 43.78 26.6 29.61 --- --- 46.64 0.00 0.00 
120 39.1 29.5 31.4 --- --- 48.36 0.00 0.00 
125 38.22 29.97 31.81 --- --- 48.77 0.00 0.00 
130 37.25 31.1 31.6 --- --- 48.83 0.00 0.00 
135 36.12 31.92 31.96 --- --- 48.73 0.00 0.00 
 
Table 9.13: Phosphorus content of sol-gel treated cotton fabrics before and after water-
soaking measured by acid digestion and ICP analysis. 
Sample name Water-soaking %add-on ICP measured 
Phosphorus (%) 
C-DUT Before 18.8 2.93 
C-DUT After  6.8 0.47 
C-DUTP-20 Before 29.4 3.18 
C-DUTP-20 After  13.7 0.74 
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9.7 Sol-gel treated cotton fabric char characteristics  
Char formation during fabric degradation with heat or fire directly contributes to the 
degree of flame retardancy of the fabric and hence its characteristics are very important. 
The SEM images of respective sample chars were presented in Figure 9.13 and discussed 
briefly in Section 9.5.1. In order to see any chemical and physical mechanical changes 
during the degradation of treated cotton fabrics Fourier transform infrared (FTIR) 
spectroscopic analysis and mechanical tensile test results of the charred samples are 
evaluated and compared with un-charred samples in this section. In this part of the 
work, chars for sol-gel treated cotton samples from Table 9.6 (C-DUT and C-DUTP-20 
samples) were produced according to Section 3.3.3 at 350 °C for 1 min [6]. According to 
the Table 9.3 and Figure 9.2, the maximum rate of degradation temperature for 
untreated cotton fabric is about 350 °C and so this was the chosen temperature for 
creating fabric chars. Untreated cotton, charred samples at 350 °C were not tested due 
to their very fragile or brittle structures, which make them difficult to be handled. 
 
9.7.1 FTIR spectroscopic analysis on untreated and sol-gel treated samples and 
charred samples 
FT-IR spectroscopy was used to study the formation of the silica skeleton and 
phosphorus-containing species on the cotton fabric surfaces before and after charring 
and also to attempt to identify possible interactions between the cellulosic fibres and 
the doped sol-gel films (see Section 3.4.4.3). 
Figure 9.16 shows Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 
spectra related to the vibrational modes of the functionalities present on the cotton 
fabrics as untreated and treated with C-DUT and C-DUTP before and after water-soaking 
at room temperature. The frequencies of the main absorption bands for each sample 
are listed in Table 9.14. 
The spectra of all samples have similar profile but with some important differences. 
According to Figure 9.16, all the spectra show a broad absorption band over 3000–3500 
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cm-1 which can be referred to hydrogen bonded OH groups (O–H stretching). There is 
also a large peak at around 2900 cm-1 for all samples referring to the presence of  alkyl 
CH groups (C–H stretching) [7]. These absorptions bonds arise due to the glycoside rings 
observed in the infrared absorption frequencies of untreated cotton [8, 9]. However, 
the spectra of the sol–gel treated samples, C-DUT and C-DUTP, before water-soaking 
show the OH stretching band, which is also shifted towards the lower frequency range 
(from 3300 to 3200 cm-1). This suggests the presence of the hybrid film on the cotton 
surface and interacting with the cellulose OH groups. 
In both C-DUTP samples before and after water-soaking, a Si-O-Si basic skeleton can be 
seen by the presence of signals at 750 cm-1 (Si–O-Si bending). This absorption peak is 
not observed for both untreated cotton and C-DUT sample after water-soaking but it 
appears slightly in the spectrum for C-DUT before water-soaking. In addition, P-O 
vibration for C-DUTP samples can be attributed to the overlapping with Si-O-Si bending.  
Possible Si-O-Si (stretching) absorption (at about 1100 cm-1) for sol-gel treated samples 
is expected, but not observed,  probably because these bands are obscured by the 
characteristic C-O stretch peaks of cellulose within the same range.  
In the same spectrum, the P=O absorption band located at 1259 cm-1 for C-DUTP before 
water-soaking and 1279 cm-1 for C-DUT before water-soaking with a slight decrease in 
the intensity of the peak when each are compared with the OH stretch intensity at about 
3400 cm-1. This absorption still appears at 1260 cm-1 for the C-DUTP sample after water-
soaking but cannot be seen in the C-DUT sample spectrum after water-soaking. Such an 
absence of P=O bond absorption after water-soaking the C-DUT sample is an indication 
of the removal of phosphorus from the fabric surface which is not the case for the C-
DUTP sample after water-soaking.  
Possible amino N-H group absorption, if present, are probably covered by the 
characteristic O-H stretch peaks of cellulose and so cannot be seen (expected absorption 
N-H stretch frequencies according to literature are at about 3300 cm-1). 
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The band at 2960 cm-1 appears only for C-DUTP samples which refers to C-H stretching 
which is not observed for C-DUT samples. This is most probably associated with the 
methyl groups present in the PDMS. 
 
 
Figure 9.16: Surface infrared spectra (ATR-FTIR) in the region 4000-700 cm-1 at room 
temperature of; (a) untreated cotton fabric (green curve), (b) C-DUT before water-soaking 
(purple curve), (c) C-DUT after water-soaking (cyan curve), (d) C-DUTP before water-soaking 
(red curve), and (e) C-DUTP after water-soaking (blue curve). 
 
Figure 9.17 compares IR spectra of untreated cotton, C-DUT and C-DUTP samples after 
water-soaking in order to better compare their spectral features. The spectra of the 
three samples have similar profiles but untreated cotton (blue curve) and C-DUT after 
water-soaking (green curve) are very similar while the  C-DUTP sample (red curve) clearly 
shows some important differences referring to peaks at 2960 cm-1 (C-H stretching), 1260 
cm-1 (P=O), and 756 cm-1 (Si-O-Si bending mode) as outlined above. These results, 
demonstrate that the C-DUT sample after water-soaking cannot retain its previously 
present flame retardant and that the addition of PDMS prevents its removal.  
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Table 9.14: Main vibration modes of untreated cotton, C-DUT and C-DUTP samples before and 
after water-soaking. 
Peak 
characteristic 
Literature   
(cm-1) 
Untreated 
cotton 
C-DUT C-DUTP 
Before     
water-soak 
After    
water-soak 
Before     
water-soak 
After  
water-soak 
(Si–O–Si) bending 749 --- --- --- 757 756 
(Si-O)* stretching 1000-1100 --- --- --- --- --- 
(C-O-C) skeletal 
stretching 
1050-1100 1050-1100 1050-1100 1050-1100 1050-1100 1050-1100 
N-H stretch 3300 --- --- --- --- --- 
C–H stretch 2800–3000 2800–3000 2800–3000 2800–3000 2800–3000 2800–3000 
P–O stretch 784 --- 796            
(weak peak) 
--- 795 797 
P=O stretch 1241 --- 1279 --- 1259 1260 
Note: * Si-O stretch probably masked by skeletal C-O stretch frequencies of cellulose. 
 
 
Figure 9.17: Infrared spectra in the region 4000-700 cm-1 at room temperature of; (a) 
untreated cotton fabric (blue curve), (b) C-DUT after water-soaking (green curve), and (c) C-
DUTP after water-soaking (red curve). 
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Figure 9.18 shows the IR spectra related to the vibrational modes of the functionalities 
present on the charred samples (charred produced at 350 °C in oven) of C-DUT and C-
DUTP fabrics before and after water-soaking. Table 9.15 lists the frequencies of the main 
absorption bands for each sample.  
In Figure 9.18, a broad absorption band over 3000–3500 cm-1 appears for all samples 
and the characteristic group absorptions in Figure 9.16 for the uncharred samples are 
not noticeable for charred samples. This is evidence of their complete removal during 
char formation. 
In both C-DUT and C-DUTP charred samples before and after water-soaking, a Si–O 
stretching mode band can be seen by the presence of signals over 1000-1100 cm-1 and 
this absorption peak appears stronger for samples after water-soaking in comparison 
with un-soaked samples. However, C-DUT and C-DUTP charred sample spectra before 
water-soaking also show a P-O-C absorption band (around 961 cm-1 for C-DUT and 975 
cm-1 for C-DUTP) that can be attributed to the overlapping with Si-O-Si bending. The D-
CUT and DUTP samples after water-soaking has a little or no P-O-C band which can be 
referred to possible washing phosphorus from the sample after water-soaking test.  
In the same spectrum, the P=O absorption band located at 1258 cm-1 for C-DUTP before 
water-soaking and 1260 cm-1 for C-DUTP after water-soaking and cannot be seen for C-
DUT samples.  
Additionally, C=C stretch absorptions that literature reports at about 1580 cm-1 appear 
in all samples which typically formed in unsaturated char precursor species plus 
aromatic char presence.  
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Figure 9.18: Infrared spectra in the region 400-700 cm-1 for chars formed at 350 °C of; (a) C-
DUT before water-soaking (blue curve), (b) C-DUTP before water-soaking (green curve), (c) C-
DUT after water-soaking (purple curve), and (d) C-DUTP after water-soaking (red curve). 
 
9.7.2 Mechanical testing of charred fabrics  
The mechanical strengths of derived chars have been determined by using an Instron 
3369 Univeral tester (see Section 3.4.6). The stress-stain curves for charred samples 
(chars formed at 350 °C for 1 min in furnace) of selected sol-gel-treated cotton fabrics 
(from Table 9.6) are shown in Figure 9.19 (three replicates of each sample were tested). 
The initial modulus and tensile and extension-at-break are given in Table 9.16.  
The untreated cotton fabric char was very brittle structure and not possible to 
determine the mechanical strengths of charred sample. However, sol-gel treated 
charred sample kept the texture of the fabric and the tensile test has been done for 
those samples. The area of cross-section of the fabric is 12.5 mm2. 
C-DUT charred sample before water-soaking show 0.3 MPa of tensile strength at break 
and 8 MPa initial modulus. After water-soaking, these tensile properties of C-DUT 
charred sample are significantly decreased. Similarity, the tensile properties for C-DUTP 
charred sample after water-soaking reduced if compared with charred sample before 
water-soaking (see Table 9.16).  
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Table 9.15: Main vibration modes of chars formed at 350 °C of C-DUT and C-DUTP samples 
before and after water-soaking. 
Peak  
characteristic 
Literature  
(cm-1) 
C-DUT char C-DUTP char 
Before water-soak After water-soak Before water-soak After water-soak 
(Si–O) stretching 1000-1100 1076 1075 1076 (weak peak) 1070 
C=C stretching 1580 1559 1586 1567 1579 
(P–O) 784 --- 792 799 799 
(P=O) 1241 --- --- 1258 1260 
P-O-C 980 961 --- 975 --- 
 
The tensile properties of the char are shown in Figure 9.19 to be dependent upon the 
properties of the flame retardant and the reduction in tensile properties of charred 
fabrics after water-soaking can be explained by the flame retardant loss after water-
soaking test (less silicon-based char formation).  
The presence of the degraded polysiloxane, PDMS, reinforces the chars of C-DUTP in 
comparison with the C-DUT char. This can be a consequence of the stronger silica 
network on the fabric derived from the PDMS in the formulation for C-DUTP samples. 
 
Figure 9.19: Stress-strain of chars of sol-gel treated sample specimens; C-DUT before water-
soaking (blue), C-DUT after water-soaking (orange), C-DUTP before water-soaking (grey), C-
DUTP after water-soaking (red). 
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Table 9.16: Tensile strength, extension-at-break and initial modulus averaged values of sol-gel 
treated samples chars at 350 °C. 
Sample Water-soak 
Tensile Strength (MPa) Extension-at-Break (mm) 
Initial Modulus 
(MPa) 
C-DUT before 0.3±0.1 2.7±1.5 8±1 
C-DUT after 0.2±0.05 4.9±2.5 3±1 
C-DUTP before 0.5±0.1 5.9±1.4 9±0.5 
C-DUTP after 0.2±0.03 4.2±1.2 4±1 
 
9.8 Physical performance of sol-gel treated cotton fabrics 
Certain characteristics of any treated fabric for optimum performance in use are 
required for a given purpose in addition to any required flame retardant property. 
Detailed information on fabric such as stiffness, strength, colour change or staining, and 
so on are required and there are many suitable tests available to provide fabric 
information in numerical values. In this section, the treated fabric stiffness and handle 
and also colour and staining changes of treated fabrics have been studied. 
 
9.8.1 Fabric stiffness and handle 
The sol-gel treated cotton fabrics were tested by using the ‘Shirley’ stiffness tester (see 
Section 3.4.5.1) and compared with untreated fabric stiffness results. The selected sol-
gel sample is C-DUTP sample (20% PDMS) from Table 9.1 before water-soaking. Flexural 
rigidity of samples were calculated and are reported in Table 9.17.  
As it is clear from Table 9.17, the flexural rigidity is lower for the sol-gel treated fabric 
even though it has a higher fabric area density when compared with untreated cotton 
fabric. This suggests that sol-gel treatment of the cotton fabric with the DUTP 
formulation did not increase the rigidity and hence stiffness of the fabric.  
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Table 9.17: Flexural Rigidity of sol-gel treated cotton fabric and compared with untreated 
cotton fabric. 
Sample Add-on % Area density of fabric (g/m2) Flexural rigidity (mg.cm) x10-4 
C 0 267 0.646 
C-DUTP 20 320 0.473 
 
9.8.2 Fabric shade and staining 
To observe the shade changes after sol-gel treatment, the Grey Scales for Colour Change 
and the Grey Scales to Staining (see Section 3.4.5.2) were used for the samples listed in 
Table 9.1 in comparison with untreated cotton fabric and the results are reported in 
Table 9.18. 
 
Table 9.18: The sol-gel treated cotton fabric colour and staining changes compared with 
untreated cotton fabric. 
Sample Grey Scale to Colour Change Grey Scale to Staining 
C-DU 1/2 2 
C-T 3 3/4 
C-DUT 2 2/3 
C-TP 3/4 4 
C-DUTP 1/2 2 
 
According to the Section 3.4.5.2, grey scale number 5 being the lowest in terms of colour 
shade change or difference and sample 1 is the most. Figure 9. 20 shows the samples C-
T form Table 9.18 in the right side and sample C-DUTP from Table 9.18 in the left side. 
From Table 9.18, it is most likely that the phosphorus flame retardant in sol-gel 
treatment makes the fabric slightly yellowish in colour and the grey scale ratings show 
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this change to be quite high. If the treatment is to be fully successful, means of reducing 
such colour changes must be investigated in future work.# 
 
 
Figure 9.20: Sample C-T from Table 9.18 with grey colour change number of 3 on the left side 
and sample C-DUTP from Table 9.18 with grey colour change number of 1.5 on the right side. 
 
9.9 Conclusions 
By studying the sol-gel treatment on the cotton fabric, it has been shown that 
tetraethylorthosilicate (TEOS) forms a silica coating on the cotton fibres, which acts as a 
physical heat barrier on the cotton fabric thereby delaying its combustion and enhancing 
cellulose carbonisation. However, the results showed that while the sol-gel treatment 
reduced the flammability of the fabric, the reduction was not enough to pass the 
simulated match test where the treated fabrics are tested over non-flame retarded 
polyurethane foam.  
Furthermore, the addition of phosphorus- and nitrogen- containing flame retardants 
(diammonium phosphate and urea) added to the sol-gel formulation improves the flame 
retardancy of the fabric by enhancing char formation while the silica physical barrier 
prevents its access to oxygen and hence reduces its ease of combustion. While these 
flame retarded, modified sol-gel treatments enabled fabric to pass the SMT test before 
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water-soaking, after water-soaking, samples failed. The further addition of the 
polysiloxane, PDMS, enabled C-DUTP-treated fabrics to pass the SMT test even after 
water-soaking. 
By comparing thermal analytical behaviour of sol-gel-treated cotton fabric with and 
without PDMS in the formulation (C-DUT and C-DUTP), it is concluded that in the 
presence of phosphorus- and nitrogen-containing compounds (DAP and urea), thermal 
degradation is promoted by lowering the onset to about 200 °C to give greatly increased 
char levels above about 350 °C. With additional presence of PDMS, residues are further 
increased during the decomposition stage (200 - 350 °C).  
Cone calorimetric tests performed on untreated cotton fabrics and sol-gel treated have 
shown that the deposited coatings, protecting the fabric, favour the char formation and 
increase the residue percentages for C-DUT and C-DUTP samples and generate high 
concentrations of total smoke release as consequence of incomplete combustion and 
delay the evolution of volatile species that fuel further combustion. 
ICP and XPS analyses used to quantify the phosphorus content present on fabrics have 
indicated that applying a sol–gel treatment in the presence of PDMS added to the sol 
solution, increases the water-soak durability of flame retardant by increasing the 
phosphorus and nitrogen retentions within the surface of the fabric.  
FTIR spectroscopy of cotton fabric and charred sample surfaces have demonstrated the 
formation of the presence of both a silica skeleton and phosphorus-containing species 
as P-O and P=O bond absorption frequencies which are present only for the C-DUTP 
sample both before and after water-soaking. Finally, C-DUTP chars have shown higher 
mechanical strength than the C-DUT sample chars. 
Studying the physical performance of sol-gel treated cotton fabrics show that the 
combination of the presence of phosphorus flame retardant in sol-gel treatment and 
curing temperature at 150 °C, makes the fabric slightly yellowish. However, sol-gel 
treatment of the cotton fabric with the DUTP formulation did not have an adverse effect 
on the handling of the fabric and did not increase the rigidity and hence stiffness of the 
fabric. 
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CHAPTER 10:  CONCLUSIONS 
 
The main aim of this project was to develop environmentally sustainable, non-bromine-
containing, flame retardant textile coatings by using novel organic – inorganic hybrid 
formulations and processing techniques. To achieve this, firstly three different 
commercial bromine-containing flame retardants from ICL Ltd., used with primarily the 
synergists antimony (III) oxide (so-called BrFR/ATO systems) for back-coating on 100% 
cotton and polyester furnishing fabrics were studied and compared in order to provide 
“base-line” data with which the novel formulations might be compared. The second and 
more important part of the work has been to develop a number of organic-hybrid 
formulations comprising different silicon-, phosphorus-, and nitrogen-based 
components which were then applied to cotton fabrics. These were assessed for flame 
retardancy and water-soak durability which would determine whether or not they met 
the demand of the UK test standards for furnishing fabrics. The thermal stabilities of the 
back-coated and sol-gel treated cotton fabrics were evaluated by thermogravimetric 
analysis (TGA) (Chapters 5 and 9). In order to more fully understand sample burning 
behaviour, cone calorimetry according to ISO 5660 was employed to investigate the 
combustion properties of the back-coated and sol-gel treated samples tested alone and 
over unmodified and combustion modified PU foams (Chapters 5 and 9).  
Finally, the ability of a novel Multiplexed Laser Surface Enhancement (MLSE) technology 
to confer an acceptable level of durability on a range of cellulosic, furnishing-grade 
fabrics to which a non-durable flame retardant was studied (see Appendix I). 
Table 10.1 summarises the results from Chapters 4 to 9, in which "NT" refers to “not 
tested”. LOI measurements were determined for those samples that achieved a pass/fail 
borderline condition based on the simulated small-scale test (SMT) after a 30 min, 40 °C 
water-soak as required by the current UK domestic furnishing regulations. Furthermore, 
colour change and flexural rigidity values were determined only for the commercial 
BrFR/ATO-treated cottons and for sol-gel treatments that showed the best SMT results 
before and after water-soaking. 
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10.1 Flame retardant back-coatings: current bromine-containing formulations 
Initially, three different flame retardants and two different generic synergists for back-
coating on to 100% cotton fabrics were studied (see Chapter 4). By using the TexFRon 
P+/ATO formulation, 35% less bromine content and 50% less ATO was found to be 
required in the back-coating formulation to obtain a pass in the simulated BS 5852 test 
(SMT) for cotton fabric compared with a conventional DecaBDE/ATO-containing back-
coating. However, replacing antimony (III) oxide by zinc hydroxystannate (ZHS) or 
calcium stannate (CS) as a synergist for back-coating on cotton fabric was not as effective 
as ATO and it remains a challenge for a non-ATO-containing, bromine-based formulation 
to pass UK domestic furnishing flammability requirements (SMT). This suggests that 
while the bromine content can be reduced in recently developed, commercial back-
coating formulations, it is still a challenge to completely remove bromine and ATO in 
order to pass UK domestic furnishing flammability requirements (see Table 10.1). 
The physical performance of treated fabrics is an important factor in the textile industry. 
Therefore, by comparing the three different brominated back-coating formulations 
(DecaBDE/ATO, TexFRon 9020/ATO and TexFRon P+/ATO), it was noted that the 
presence of the back-coating increased the rigidity of the fabric; however, the 
DecaBDE/ATO treated cotton fabric had a lower flexural rigidity and was more close to 
untreated fabric when compared with the TexFRon 9020/ATO and TexFRon P+/ATO 
treated cotton fabrics (see Table 10.1). 
Colour shade difference was studied using Grey Scales showed that despite the flame 
retardant in the back-coating method being applied on the back side of the fabric thus 
having less effect on the front face, the colour of the fabric was changed after applying 
each flame retardant, back-coated treatment in a very similar way for all three fabrics 
treated, most probably due to using high temperature of curing (150 °C), which caused 
a yellowing of the cotton fabric (see Chapter 5).   
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Table 10.1: Summary of the results of the back-coated and sol gel treatments on cotton fabric discussed in Chapters 4 to 9. 
Method Fabric Flame retardant formulationa Recipe Dry %Add-on Flame retardant type Water-soak 
durability 
SMT result LOI vol.% Color shade (Grey 
change)c 
Flexural Rigidityd 
(mg.cm) x10-4 
Ba
ck
-c
oa
tin
g 
 
 
 
Cotton 
DecaBDE/ATO/acrylic 50/25/25 66 Bromine Durable PASS 24.8 3.5 1.94 
TexFRon 9020/ATO/acrylic 57/18/25 107 Bromine Durable PASS 30.7 3.5 4.36 
TexFRon P+/ATO 89/11 56 Bromine Durable PASS 24.9 3.5 7.31 
DecaBDE/ZHS/acrylic 43/32/24 88 Bromine NTb FAIL NT NT NT 
TexFRon P+/ZHS 89/11 50 Bromine NT FAIL NT NT NT 
 
 
 
Polyester 
DecaBDE/ATO/acrylic 44/22/34 178 Bromine Durable FAIL NT NT NT 
DecaBDE/ATO/styrene-acrylate 44/22/34 209 Bromine Durable FAIL NT NT NT 
DecaBDE/ATO/ATH/styrene-
acrylate 
44/22/34 252 Bromine Durable PASS 30.6 NT NT 
TexFRon P+/ATO 89/11 74 Bromine Durable FAIL NT NT NT 
TexFRon P+/ATO/ATH 73/9/18 112 Bromine Durable FAIL NT NT NT 
So
l - g
el
 
 
 
Cotton 
TEOS 100 6 Silicon Non-durable FAIL NT 3 NT 
DAP/urea 5/1 (94% water) 7 Phosphorus Non-durable FAIL NT 1.5 NT 
DAP/urea/TEOS 5/1/94 21 Phosphorus, Silicon Non-durable FAIL NT 2 NT 
DAP/urea/TEOS/PDMS 5/1/74/20 42 Phosphorus, Silicon Durable PASS 28.5 1.5 0.47 
a DecaBDE: Decabromodiphenyl ether; ATO: Antimony (III) oxide; ZHS: Zinc hydroxystannate; acrylic: acrylic copolymer binder; styrene-acrylate: styrene acrylate copolymer binder;  
   ATH: aluminium hydroxide; DAP: diammonium phosphate; TEOS: tetraethylorthosilicate; PDMS: polydimethylsiloxane. 
b NT: Not tested. c grey change scale which number 5 is the least colour difference change and number 1 is the most. d Flexural Rigidity of untreated fabric is 0.646. 
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Polyester fabric and its blends with cotton are very common fabrics for use in domestic 
and contract furniture products. Consequently, flame retardant back-coating 
formulations for polyester woven fabric were also studied (see Chapter 6). Different 
bromine-containing flame retardants, resins, area density of fabric and formulations for 
back-coating on polyester fabric were fully investigated in Chapter 6. The first polyester 
back-coated sample which passed the SMT was recorded with 250% dry add-on which 
also incorporated an extra 10% ATH in the formulation (see Table 10.1). It was generally 
observed during the SMT test that each bromine-containing flame retardant in the back-
coating appeared to suppress initially the ignition of underlying foam only, which then 
melted and withdrew behind the melting polyester fabric. In the absence of the resin 
char being able to prevent the hole in the polyester enlarging, eventually the foam edges 
became exposed to the ignition source and flaming became pronounced giving rise to a 
“fail”. A major conclusion from these tests were that the simulated match test 
introduced by Mydrin Ltd (now Lubrizol Ltd) over 25 years ago was mostly developed 
and used for back-coated cotton fabrics and not for the polyester fabric. It would appear, 
therefore, that this method does not adequately represent the BS 5852 (Source 1) 
“match test”, in which the flame is applied in a crevice between the horizontal and 
vertical surfaces of the fabric specimen. 
 
10.2 Flame retardant sol-gel treated cotton fabrics 
The sol-gel technique as a novel surface treatment was studied in Chapters 7 to 9 to 
develop a non-halogen-treated, flame retardant cotton fabric for UK domestic 
applications. Sol-gel treatments by using tetraethylorthosilicate (TEOS) as a silica 
precursor on to 100% cotton fabric were studied in order to form a silica coating on the 
cotton fibres (see Chapter 7). The silica coating acts as a physical heat barrier on the 
fabric surface, which delays its combustion and encourages cellulose carbonisation. 
However, the improvement of cotton fabric flame retardancy by using TEOS alone was 
not enough to pass the SMT (see Table 10.1). Combination of TEOS and diammonium 
phosphate and urea (as a conventional phosphorus- and nitrogen- containing flame 
retardant system) was examined to improve the flame retardancy of the cotton fabrics. 
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The results showed that applying this modified sol-gel treatment in the presence of a 
suitable phosphorus- and nitrogen- compound significantly enhanced the flame 
retardancy of the cotton by enhancing char formation while the silica physical barrier 
continues to prevent its access to oxygen and hence reduce its ease of combustion. 
While these DUT-modified sol-gel treatments enabled fabric to pass the simulated 
match test before water-soaking, after this test, samples failed (see Table 10.1). 
In attempts to improve water-soak durability, polydimethylsiloxane (PDMS), which 
belongs to a group of polymeric organosilicon compounds, was introduced to the sol-
gel formulation to improve the hydrophobicity of the overall treatment (see Chapter 8). 
The most durable sample was achieved in the specific formulation of DUTP (DUTP stands 
for DAP, urea, TEOS and PDMS), which involved the simultaneous addition of flame 
retardants and silica precursors, using a subsequent impregnation method of 
application to the cotton fabric, drying at 110 °C for 10 min and curing at 150 °C for 5 
min. This sample passed the SMT both before and after water-soaking. The 
reproducibility of this formulation was also successfully investigated in Chapter 8.  
Different concentrations of PDMS (from 8 to 30% with respect to TEOS) of the DUTP 
formulation were investigated and the results from SMT showed that 10% of PDMS is 
the minimum concentration required in the recipe to achieve a pass after water-soaking. 
However, increasing the PDMS concentration from 10 to 30% did not significantly 
increase the LOI value (see Chapter 8). However, TGA analysis showed that the sol-gel 
treated fabric that increasing the concentration of PDMS from 10% to 30%  produces an 
increase of the char residue formation between 400 and 550 °C; surprisingly in the lower 
temperature region (~290 °C), char formation for lower PDMS % is more (see Sections 
8.5.2).  
To assess the level of phosphorus retention in the DUTP samples after water-soaking, 
the phosphorus contents present in the fabrics before and after water-soaking were 
determined using ICP and XPS analysis. The results showed that the sol-gel treatment in 
the presence of PDMS added to the sol solution, increased the phosphorus and nitrogen 
retentions within the surface of the fabric which consequently improved the water-soak 
durability of the treated fabrics.  
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Similar to back-coated treated cotton fabric, the sol-gel treated fabrics were studied for 
the physical changes after the treatment.  It was concluded that the combination of the 
presence of phosphorus flame retardant in sol-gel treatment and curing temperature at 
150 °C, made the fabric slightly yellowish to a higher level than observed in the back-
coated samples where flame retardant is applied on the back side of the fabric. 
However, sol-gel treatment of the cotton fabric with the DUTP formulation did not have 
a significant adverse effect on the handle of the fabric and did not increase the rigidity 
and hence stiffness of the fabric when compared with back-coated samples which 
increased the stiffness of the fabric (see Table 10.1). 
 
10.3 Mechanistic studies of the back-coated and sol gel treatments on cotton fabric 
10.3.1 Thermal analysis  
Thermal analysis (TGA) results of bromine-containing cotton fabrics showed that both 
TexFRon P+/ATO and DecaBDE/ATO treated samples, degraded with two exothermic 
peaks in which the second exothermic peak for TexFRon P+/ATO sample was recorded 
at 540 °C, which is much higher than the 457 °C value recorded for the DecaBDE/ATO 
sample. This suggests better heat stability of chars derived from TexFRon P+ (see Table 
10.2). Furthermore, TGA results showed that TexFRon P+/ATO sample left a higher 
amount of residue which remains until 700 °C. The char derived from the DecaBDE/ATO-
treated cotton was completely degraded by the second stage of mass loss, leaving no 
residue above 600 °C (see Chapter 5).  
From TGA results for sol-gel treated sample, it is concluded that for the cotton fabric 
treated with TEOS in the presence of phosphorus- and nitrogen-containing compounds 
(DAP and urea), C-DUT sample, thermal degradation is accomplished by lowering the 
onset of decomposition to about 200 °C to give greatly increased char levels above about 
350 °C. Consequently, with additional presence of PDMS to, C-DUTP sample, residues 
are further increased during the decomposition stage (200 - 350 °C).  
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10.3.2 Cone calorimetry 
Cone calorimetry test results for three back-coated formulations (DecaBDE/ATO, 
TexFRon P+/ATO, and DecaBDE/ZHS) showed that while they favour the char formation 
and increase the residue percentage, they generate high concentrations of total smoke 
release as a consequence of incomplete combustion and delay the evolution of volatile 
species that fuel further degradation (see Chapter 5). 
By comparing the cone calorimetry results for two different synergists, ATO and zinc 
hydroxystannate, combined with the same flame retardant (decabromodiphenyl ether), 
the value of total smoke release (TSR) is higher for the DecaBDE/ATO sample and leaves 
lower residue, but the DecaBDE/ZHS left more residue. These results represented the 
possible proof of vapour phase activity of ATO, which also produces considerable smoke 
as well as the condensed phase activity of zinc hydroxystannate, which produces more 
residue, and less smoke (see Table 10.2). The smoke suppressing properties of the latter 
are well known (see Sections 2.6.2 and 2.6.4). 
On comparing cone calorimetric results of TexFRon P+/ATO and DecaBDE/ATO, it could 
be seen that TexFRon P+/ATO samples char after the test showed some evidence of the 
former texture of the fabric, but the DecaBDE/ATO sample did not leave any significant 
char residue, showing the charring behaviour of the addition of an afterglow suppressing 
additive, possibly based on phosphorus- and nitrogen- based chemistry of TexFRon P+ 
would account for this improved char performance. 
From cone calorimetric test results of sol gel-treated fabrics, it is shown that the 
deposited silicon coatings, protecting the fabric, favour char formation and increase the 
residue percentages for C-DUT and C-DUTP samples as well as generating high 
concentrations of smoke as consequence of incomplete combustion. The sol-gel cotton 
treated with PDMS (C-DUTP sample) has a higher TSR value if compared with the C-DUT 
sample (without any PDMS in the formulation) reflecting the influence of the additional 
polysiloxane present.  
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Similar results from residues after cone calorimetry testing showed that the C-DUTP 
sample showed a white layer of char which suggests a silica layer formed from the PDMS 
thus creating a ceramic barrier on the textile surface. 
Finally, by comparing back-coated and sol-gel treated sample cone calorimetric test 
results for fabrics (without foam), it is clear that the pkHRR values for back-coated fabric 
samples are considerably higher than for sol-gel treated fabric  samples with less char 
residue left after the test. When the fabric samples cover underlying PU and MPU foams, 
the pkHRR values are very similar for both back-coated and sol-gel treated samples, 
which can be related to ignition of foam along with fabric, which ignites first. 
While the TSR value (see Table 10.2) for the DecaBDE/ATO sample gives the highest 
value of TSR for fabric only and also for the samples over both unmodified and modified 
PU foams,, for samples over MPU foam, surprisingly TSR values for sol-gel samples are 
still significant. For fabric only samples, these are less than both DecaBDE/ATO and 
DecaBDE/ZHS samples but greater than TexFRon P+/ATO samples. Over PU foam the sol 
gel-treated samples are considerably less than the brominated, back-coated samples, as 
might be expected, but over MPU foam, the converse is observed. This last observation 
is difficult to explain and would obviously require further work to be undertaken since 
the results suggest some interaction between the sol gel degradation products and 
those arising from the flame retardants in the MPU foam.  
 
10.3.3 FTIR spectroscopic and mechanical testing analysis 
From FTIR spectroscopy of sol-gel treated cotton fabric and charred sample surfaces, 
the formations of both a silica skeleton and phosphorus-containing species indicated as 
P-O and P=O bond absorption frequencies were observed only for the C-DUTP sample 
both before and after water-soaking. However, for C-DUT sample, P-O and P=O bond 
absorption frequencies only observed before water-soaking. Such an absence of P=O 
bond absorption after water-soaking the C-DUT sample is an indication of the removal 
of phosphorus from the fabric surface which is not the case for the C-DUTP sample after 
water-soaking.  
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C-DUTP chars also have shown higher mechanical strength than the C-DUT sample chars, 
which is the result of the creation of the white layer char. This ceramic layer formation 
was also observed as a greyish deposit in the cone calorimetric char results of which 
suggested again that a silica layer had formed from primarily for the PDMS present (see 
Figure 9.12 (b) and (c), thus creating a ceramic barrier on the textile surface.  
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Table 10.2: Summary of the mechanistic studies of the back-coated and sol gel treatments on cotton fabric discussed in Chapters 5 and 9. 
 
Method 
 
Flame retardant 
formulation 
 
Dry 
Add-on% 
TGA results Cone calorimetry results 
Fabric only Over PU foam Over MPU foam 
T
a
max1
, (°C) T
a
max2
, (°C) 
Residue at    
550°C (%) 
pkHRR 
(kW/m2) 
TSR 
(m2/m2) 
Residue 
(%) 
pkHRR 
(kW/m2) 
TSR 
(m2/m2) 
Residue 
(%) 
pkHRR 
(kW/m2) 
TSR 
(m2/m2) 
Residue 
(%) 
Untreated cotton --- 338 463 1 150 5 0.4 360 31 5 339 42 16 
Ba
ck
-c
oa
tin
g DecaBDE/ATO 66 339 457 4 154 38 3 293 132 8 248 122 6 
TexFRon P+/ATO 56 325 540 20 151 15 13 217 108 15 291 92 13 
DecaBDE/ZHS 66 NTb NT NT 156 29 12 270 70 9 307 92 12 
So
l-g
el
 C-DUT 21 266 502 9 12 19 33 235 33 19 196 170 20 
C-DUTP 42 270 490 16 11 23 29 367 56 16 300 130 25 
                 Key: pkHRR = peak heat release rate, THR = total heat release, TSR = total smoke. 
                         a exothermic peak, b NT: Not tested 
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10.4 Suggestions for future work 
The success of this PhD project in addressing the aims stated has been demonstrated by 
the development of a novel sol gel-based, water-soak durable flame retardant system 
which addresses the environmental concerns raised regarding the currently available 
bromine-containing, back-coated formulations. However, the work has not addressed a 
number of questions which provide the focus of the future work. The following lists a 
number of additional possibilities and suggestions for future work: 
1. While silica precursor applied together with PDMS increased the water-soak 
durability of cotton fabric treated with diammonium phosphate and urea, other 
types of conventional P- and N-containing flame retardants such as guanidine 
phosphate and ammonium polyphosphate should be studied as possible 
alternatives on cotton.  
2. In this PhD work, only cotton fabric was studied for sol-gel treatment as a substrate, 
and the work needs to be extended to polyester fabric, cotton/polyester blends, 
wool, and nylon fabrics. 
3. Sol-gel treatment combination with diammonium phosphate and urea and curing 
temperature of 150 °C, showed discolouring on the cotton fabric. It should be 
possible to evaluate the reason of this behaviour and to optimize the sol-gel 
formulation in order to reduce the yellowish colouring on the fabric. 
4. While water-soak durability of final sol-gel formulation (DUTP) was studied only, 
durability of the sol gel treatment to other washing regimes is worthy of further 
investigation. 
5. The simulated match test used in this work as a simulation for BS 5852 Source 1 
appears not to be satisfactory on fabrics such as polyester in terms of its ability to 
replicate the full-scale test. A modification of this simulated test to improve its 
validity for 100% polyester fabrics should be investigated.  
6. Plasma/UV laser processing on a range of cellulosic, furnishing-grade fabrics 
discussed in Appedix I, suggests the achievement of acceptable levels of durability 
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for those samples to which a semi-durable flame retardant has been applied. This 
observation should be confirmed by the future study of the mechanism of 
plasma/UV laser processing and its extension to other textile substrates. 
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APPENDIX I: NOVEL ATMOSPHERIC PLASMA/UV EXCIMER LASER 
APPLICATION 
Conventional flame retardant (FR) application processes for textiles involve aqueous 
processing, which for the creation of durability to laundering, often requires 
conventional functional group chemistry. Recently reported research using sol-gel and 
layer-by-layer chemistries, while claimed to be based on superior, more 
environmentally-sustainable chemistry, still require aqueous media with the continuing 
problem of water management and drying processes being required. 
Exploratory work to date has shown that attempts to research and develop novel FR 
treatments that may replace conventional back-coatings and chemically-based flame 
retardant treatments for both cotton and wool fabrics (and respective blends) have met 
with some success but have been based entirely on trial and error processing. This 
appendix presents the first part of recent work at the University of Bolton which is the 
initial work to confer durable flame retardant treatments to cellulosic textiles using a 
novel process utilizing high frequency high power electrical discharge atmospheric 
plasma and a high power UV laser facility for processing textiles with the formal name - 
Multiplexed Laser Surface Enhancement (MLSE) system [1]. This patented system (MTIX 
Ltd., UK), offers the means of directly bonding flame retardant precursor species 
introduced into the fabric before plasma/UV exposure or into the plasma/UV reaction 
zone itself, thereby eliminating a number of wet processing cycles compared to 
conventional methods. Figure i (a, b) show a typical machine based on this technology 
and a schematic view of the process respectively. 
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                        (a)                                                                            (b) 
Figure i: Multiplexed Laser Surface Enhancement (MLSE) system for open-width, textile fabric 
processing (reproduced with permission from MTIX Ltd., Huddersfield, UK). 
 
This work has assessed the ability of a novel MLSE technology to confer an acceptable 
level of durability on a range of cellulosic, furnishing-grade fabrics to which a non-
durable flame retardant has been applied. Their ability to pass a simulated match test 
over PU foam, which is a requirement for UK domestic furnishing fabrics after a 30 min, 
40 °C water-soak procedure, has been used as the measure of their behaviour in this 
respect. The chosen proprietary flame retardant has been shown to be non-durable if 
applied simply by a pad-dry process, but is acceptably durable if then subjected to a 3 
min, 150 °C cure and then tested after water-soaking.  
The analysis of the resistance to ignition over PU foam of nine commercial FR-
impregnated, cellulosic woven fabrics of slightly varying area density, shows that 
subjecting fabrics to the plasma/ UV laser processing confers a similar, if not higher 
degree of water-soak durability compared to the heat-cured control sample. LOI values 
before and after water-soaking show that all fabrics after soaking had values ≥ 22.5 vol 
%, which were greater than the value for the water-soaked, heat-cured sample (21.9 vol 
%). Thermal analysis of the nine fabrics showed that the flame retardant activity of the 
applied retardant was as expected for a typical condensed phase formulation and so had 
not been affected by exposure to the plasma/UV laser source. A paper has been 
published from this work [2].  
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